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ABSTRACT 
Hemp is the common name for Cannabis sativa cultivated for industrial use. Compared to synthetic 
fibers (e.g. glass fiber), hemp fibers have many advantages such as low cost, low density (1.5 g/cm3) and 
high specific strength and stiffness. As a result of increasing environmental awareness, interest in hemp 
fiber reinforced composites is increasing because of a high potential of manufacturing hemp fiber 
reinforced polymer composites with acceptable mechanical properties at low cost. In order to expedite the 
application of natural fibers in polymer composites, hemp fibers need to be treated before being 
incorporated in matrix polymers to optimize the properties of fibers and fiber reinforced composites. The 
overall objective of this study was therefore to focus on understanding the correlation between chemical 
composition and morphology of hemp fibers and mechanical properties of hemp fibers, and furthermore 
to establish the relationship between the mechanical properties of hemp fiber reinforced composites and 
the chemical composition and morphology of hemp fibers after different fiber treatments. 
The first part of this study investigated the effect of harvest time and stem sections on mechanical 
properties of hemp fibers in order to correlate the mechanical properties of hemp fibers to their chemical 
composition and morphology. Harvest time (or growth stage) and stem sections were found to have an 
effect on the mechanical properties of hemp fibers. The variations in mechanical properties of hemp 
fibers can be explained by the differences in chemical composition and morphology. Untreated hemp bast 
fibers with high cellulose content had high stiffness and tensile strength. In addition, the presence of 
secondary fibers was found to reduce the favorable mechanical properties of hemp fibers. 
It was our intention to find the key factors that damage fiber properties during traditional field retting. 
In order to compare and demonstrate the significant effect of the targeted factors, controlled fungal retting 
was performed using P. radiata Cel 26 and C. subvermispora. Controlled fungal retting with P. radiata 
Cel 26 and C. subvermispora removed pectin more efficiently than traditional field retting. Fibers with 
the highest mechanical properties were obtained by controlled fungal retting with P. radiata Cel 26. As a 
result, composites with P. radiata Cel 26 retted fibers had higher mechanical properties regarding 
stiffness and tensile strength compared with composites with field retted fibers. The differences in 
mechanical properties of fibers and fiber reinforced composites were presumably due to the effect of 
cellulase enzymes activity, which can degrade the cellulose and damage fibers. 
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Further work was conducted to examine the presence of different enzymes activity during field retting 
and controlled fungal retting with white rot fungi P. radiata Cel 26. Cellulase, polygalacturonase, 
galactanase and xyloglucan (XG)-specific endoglucanase activity was determined in the crude extracts 
from hemp bast fibers after field retting and controlled fungal retting using P. radiata Cel 26 at varied 
durations (i.e. 7, 14 and 20 days). Cellulase activity was shown to be the crucial factor that caused 
reduction in mechanical properties of hemp fibers and hemp fiber reinforced composites. The extracts 
from field retted hemp bast fibers exhibited much higher cellulase enzyme activity compared to extracts 
from P. radiata Cel 26 retted hemp fibers. The extracts from P. radiata Cel 26 retted hemp fibers had 
much high polygalacturonase activity compared to that from field retted fibers. 
It is certain that cellulase has a negative impact on fiber properties. Mono-component pectinase 
enzymes were thereby tested on hemp bast fibers combined with hydrothermal pre-treatment. Enhanced 
removal of pectin from hemp fibers was found to produce a positive impact on hemp fiber reinforced 
composites. Further work was performed to understand the role of different cell wall components (i.e. 
pectin, hemicellulose and lignin) in contributing to tensile properties of fiber reinforced composites. 
Pectin removal was found to increase both composite stiffness and UTS. Hemicellulose removal 
increased composite stiffness, but decreased composite UTS due to the removal of xyloglucans. The 
changes in mechanical properties of fiber reinforced composites correlated with chemical composition of 
differently treated hemp fibers via composite porosity. This may provide a way to reshape and optimize 
the natural cellulose fibers for composite use. 
Oxidation of lignin using laccase after treatment with EDTA and EPG increased the mechanical 
properties of fibers and fiber/epoxy composites. It is suggested that the improvement in mechanical 
properties was due to polymerization of lignin by laccase resulting in hemp fibers with a stiffer structure. 
Once part of lignin was removed prior to laccase treatment, a less marked increase in mechanical 
properties was observed.  
Modelling of the changes in mechanical properties and physical properties of composites made with 
differently treated hemp fibers improved understanding of the effect of composite porosity on mechanical 
properties of unidirectional (UD) hemp fiber/epoxy composites. It was demonstrated that the applied 
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models provide a concept to be used for the evaluation of performance of differently treated fibers in 
composites. 
This study has resulted in improved understanding of the role of different components in contributing 
to the tensile properties of hemp fibers and of fiber treatments to improve the mechanical properties of 
natural fiber reinforced composites. 
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DANSK SAMMENFATNING 
Hampeplanten har det latinske navn Cannabis sativa og nogle sorter af denne er egnet til industriel 
brug. Sammenlignet med syntetiske fibre (fx glasfibre), har hampefibre mange fordele, såsom lav pris, lav 
densitet (1,5 g/cm3) og høj specifik styrke og stivhed. Som følge af stigende miljøbevidsthed er interessen 
i hampefiberforstærkede polymer kompositmaterialer stigende. Disse kompositmaterialer har acceptable 
mekaniske egenskaber og lave fremstillingsomkostninger. For at fremskynde anvendelsen af  polymere 
kompositmaterialer med hampefibre, skal fibrene behandles, før de kan anvendes samt for at optimere 
egenskaberne af fibrene. Det overordnede formål med denne undersøgelse var derfor at forstå 
sammenhængen mellem hampefibrenes fysisk-kemiske egenskaber, og de mekaniske egenskaber af 
hampefiberarmerede kompositmaterialer efter forskellige behandlinger af fibrene. 
Den første del af dette studie undersøgte effekten af høsttidspunkt og top/midt/bund sektion af 
stænglerne på de mekaniske egenskaber af hampefibrene for endvidere at korrelere de mekaniske 
egenskaber til deres kemiske sammensætning og morfologi. Det blev fundet at de sekundære fibre i 
bundsektionen ved især sen høst reducerede de gunstige mekaniske egenskaber af hampefibrene. Højst 
styrke blev opnået med tidlig høst men gav intet udbytte af frø hvilket betød at sen høst blev testet i det 
videre forløb af studiet.  
Det var vores hensigt at finde de vigtigste faktorer, der skader fibernes egenskaber under traditionel 
markrødning. For at sammenligne og demonstrere de signifikante effekter blev der udført kontrolleret 
svampebehandling med Phlebia radiata Cel 26 og Ceriporiopsis subvermispora. Disse behandlinger 
fjernede pektin mere effektivt end traditionel markrødning. Fibrene med de højeste mekaniske egenskaber 
blev opnået med P. radiata Cel 26. Dette resulterede samtidig i at kompositterne havde højere stivhed og 
trækstyrke. Forskellene i mekaniske egenskaber af fibrene og de resulterende kompositter var 
formodentlig på grund af cellulaseenzymaktivitet, der kan nedbryde cellulose og skader fibrene. 
Yderligere arbejde blev udført for at undersøge tilstedeværelsen af forskellige enzymaktiviteter under 
markrødning og kontrolleret svampebehandling med P. radiata Cel 26. Cellulase, polygalacturonase, 
galactanase og xyloglucan (XG) samt specifik endoglucanaseaktivitet blev bestemt i de rå ekstrakter fra 
hampefibrene efter markrødning og behandling med P. radiata Cel 26 ved varigheder af 7, 14 og 20 dage. 
Celluaseaktiviteten viste sig at være den afgørende faktor for reduktionen i de mekaniske egenskaber. 
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Derimod gav behandlingen med P. radiata Cel 26 meget høj polygalacturonase aktivitet sammenlignet 
med markrødning. 
Det er helt sikkert, at cellulaser har en negativ indvirkning på fibernes styrkeegenskaber. Mono-
komponent pektinase enzymer blev derved testet på hampefibrene kombineret med hydrothermal 
behandling ved 110 - 131°C. Forbedret fjernelse af pektin fra hampefibrene viste sig at have positiv 
indvirkning på hampfiberkompositmaterialerne. Yderligere arbejde blev udført for at forstå betydningen 
af forskellige cellevægskomponenter (dvs. pektin, hemicellulose og lignin) på fibrenes trækstyrke. 
Pektinfjernelse øgede både composite stivhed og styrke. Hemicellulosefjernelse øgede komposit 
stivheden, men nedsatte styrken på grund af fjernelsen af xyloglucan. Ændringerne i mekaniske 
egenskaber af kompositmaterialerne korrelerede med den kemiske sammensætning og kompositternes 
porøsitet. Det kan give en måde at optimere de naturlige cellulosefibre til komposit brug på. 
Oxidation af lignin ved anvendelse af laccase efter behandling med EDTA og EPG øgede de 
mekaniske egenskaber af fibre og fiber/epoxy kompositter. Forbedringen i de mekaniske egenskaber 
skyldes formentlig polymerisation af lignin ved laccase resulterende i en stivere kemisk struktur. Når en 
del af ligninen blev fjernet før laccasebehandling, blev der observeret en moderat stigning i de mekaniske 
egenskaber. 
Modellering af ændringerne i mekaniske og fysiske egenskaber af kompositter lavet med de forskelligt 
behandlede hampefibre forbedrede forståelsen af effekten af porøsitet på de mekaniske egenskaber i de 
ensrettede hampefibre / epoxy kompositter. Det blev påvist, at de anvendte modeller giver et koncept, der 
skal anvendes til evaluering af ydeevnen af forskelligt behandlede fibre i kompositter. Denne 
undersøgelse har dermed resulteret i en bedre forståelse af den rolle, de forskellige komponenter bidrager 
med til trækstyrkeegenskaberne af hampefibrene. Samtidig er fiberbehandlingen optimeret resulterende i 
forbedrede mekaniske egenskaber af kompositmaterialerne. 
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1 CHAPTER I − Introduction 
Hemp is the common name for Cannabis sativa cultivated for industrial use. Hemp cultivation allows a 
diversification of crop rotations in arable farming and has a low requirement for fertilizer and herbicide 
[1,2]. In addition, hemp is a fast growing crop, producing more fiber yield than most other plant sources, 
i.e. cotton and flax. More importantly, compared with synthetic materials (e.g. glass fiber), hemp fibers 
have many advantages such as low cost and low density together with their high stiffness and strength to 
weight ratio [3–6]. In the past, hemp fibers were widely used for carpets and rope. As environmental 
awareness has grown, the importance of sustainable, renewable and environmentally friendly materials 
has also increased considerably in recent years. The development of natural cellulosic fibers to replace 
synthetic materials in composite applications has in particular gained unprecedented interest [6–10]. 
1.1 Natural fiber 
1.1.1 Physical structure 
Hemp stems are 1.5 – 2.5 m tall and 5 – 15 mm in diameter. Hemp fibers produced from hemp stems, 
which contain 30 – 40% w/w fiber content, are organized in layers from the stem pith toward the surface 
by 1 – 5 mm xylem, 10 – 50 µm cambium, 100 – 300 µm cortex, 20 – 100 µm epidermis and 2 – 5 µm 
cuticle, as schematically shown in Figure 1.1. 
At the microscopic level, primary and secondary single fibers are polygonal in shape, with 4 – 6 sides. 
The primary single fibers nearest the epidermis are larger and have a cell wall thickness of 6 – 11 µm, cell 
wall area  of 330 – 1500 µm2, and lumen area of 40 – 170  µm2, and are formed at the early growth stage 
[4,11]. The secondary single fibers near the cambium layer are smaller and have a cell wall thickness of 2 
– 7 µm, cell wall area of 100 – 260 µm2,  lumen area of 0 – 6 µm2 [12] . The formation of secondary 
fibers occurs at the beginning of flowering  [4,13]. The secondary fibers are then organized into bundles 
which produce a distinct layer in the mature stem, in contrast to the primary fibers. The secondary fibers 
in hemp are primarily located at the bottom of the plant stem and are much shorter (approx. 2 mm long) 
than the primary fibers (approx. 20 mm long) [12–14]. 
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Figure 1.1 Schematic diagram of a transverse section of hemp stem showing the organization and 
morphology of a bast strip and single fiber (e.g. primary- and secondary fibers) in the bast layer [4]. 
Under TEM microscopy, single fiber cell walls are found to be mainly composed of primary wall and 
secondary cell wall. The primary wall has a thickness of 70 – 110 nm (Figure 1.2) [15]. The secondary 
cell wall is composed of a S1 layer (100 – 130 nm in thickness) and  a S2 layer (3 – 13 µm in thickness) 
[15]. The thicker S2 layer has been observed to have a laminate structure consisting of 1 – 4 major 
concentric layers with a thickness of 1 – 5 µm (Figure 1.2) [15]. 
The cell wall is commonly considered as a composite, as shown in Figure 1.2, which is composed of 
cellulose microfibrils as reinforcements and non-cellulosic polymers, mainly including hemicellulose, 
pectin, lignin, as matrix polymers [16]. The construction varies greatly between the layers: the primary 
wall has loosely packed microfibrils which interweave randomly; in the secondary walls, the microfibrils 
are closely packed and parallel to each other [15,17]. Using X-ray diffraction, the cellulose microfibrils in 
the S1 layer have been shown to have S-helical orientation with microfibril angles (MFA) in the range of 
70 – 90°, while in the outer and inner part of the S2 layer, the microfibrils have Z-helical orientation with 
MFA in the range of 25 – 30° and 0 − 2°, respectively [15].  
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Figure 1.2 Hemp stem shown at increasing magnification using different transverse sections in SEM. A: 
Xylem + cambium + cortex + epidermis; B: Primary and secondary single fibers; C: Major layers in 
primary single fiber; D: Thin lamellae within the S2 layer (above) and a model of the microfibril 
orientation throughout the secondary cell wall (below) [15]. 
1.1.2 Chemical composition and structure 
Hemp fibers, similarly to wood fibers, are mainly composed of cellulose, hemicellulose, lignin and 
pectin [12,18]. The chemical composition of untreated hemp bast fibers varies with the cultivar [19], 
harvest year [19],  harvest time (or growing stage) [20], the location of fibers within hemp stems [21], and 
fiber processing [22,23]. The chemical composition of different cultivars hemp fibers reported in the 
literature is listed in Table 1.1. Hemp fibers are composed of 53-91% cellulose, 4-18% hemicellulose or 
pentosan, 1-17% pectin, and 1-21% lignin. Cellulose consists of linear chains of β-1,4- linked D-glucose 
units and is organized into microfibrils cross-linked by glycans (e.g. xyloglucan, glucuronoarabinoxylan, 
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galactomannan, mannan) [24,25]. The interlocked network of microfibrils and glycans is further 
embedded in a matrix of pectic substances and reinforced with structural aromatic substances (e.g. lignin 
and hydroxycinnamates) (Figure 1.3) [24,26,27]. The aromatic substances presumably add mechanical 
properties to the cell by interacting with polysaccharides via cross-linking reactions [28,29]. 
The chemical compositions of fibers and distribution of the constituents define the properties of fibers 
[30]. Hence, in previous studies, changes in chemical composition of natural fibers after different fiber 
processing have been commonly used to explain changes in the mechanical properties of fibers and 
fiber/matrix polymers composites [21,31,32]. 
Table 1.1 Chemical compositions of hemp fibers. 
Cultivar Cellulose (%) Hemicellulose (%) Pectin (%) Lignin (%) Reference 
USO31 78.4-81.7 5.7-6.4 - 10-13 [19] 
Unspecified 58.7 14.2 16.8 6 [33] 
Fedora 17 65.6-84.9 6.0-8.1 9.4-25 2.7-4.5 [20] 
Felina 57.1-61.8 8.3-14.3 2.8-8.6 1.2-7.3 [34] 
Unspecified 76.1-89.2 1.9-12.3 - 2.1-5.7 [35] 
Unspecified 82.0-88.9 4.1-8.4 - 2.2-3.8 [36] 
Unspecified 88.3-91.0 6.5-9.8 - 1.4-2.1 [37] 
Felina 34 64.0-83.0 11.0-15.0 1.0-6.0 1.0-4.0 [38] 
USO 54.4 - 8.7 6.1 [39] 
Fedora 55 16 8 4 [40] 
Felina 64-76 15 1-6 2-4 [15] 
Unspecified 53.9-57.6 16.3-18.2 6.5-7.1 20-21 [41] 
Fibrimon 56 53.2 6.9 - 5.0 [14] 
Fedora 19 58.6 9.3 - 5.0 [14] 
Kompolti   Sárgaszárú 68.2-69.2 6.7-8.5 - 3.5-5.5 [14] 
Kompolti Hybrid TC 60.2-74.3 7.1-7.9 - 3.3-4.4 [14] 
Unspecified 63.7-78.4 11.8-17.3 1.9-7.3 1.7-5.0 [42] 
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Figure 1.3. Structural model of primary cell walls [24]. 
1.1.2.1 Cellulose	
Cellulose is a homogeneous linear polymer of glucan with repeating β-1,4-D-glucose units bound by 
glycosidic bounds, as illustrated in Figure 1.4. Covalent linkage is formed between the hydroxyl group of 
the C4 and the C1 carbon atom by water elimination. Cellulose is the most abundant and largest organic 
polymer in plant cell walls. The glucose monomers in cellulose form hydrogen bonds both within its own 
chain (intramolecular) to form elementary fibrils, and within neighboring chains (intermolecular) to form 
3D- network microfibrils (Figure 1.5) [43,44]. Within the cellulose fibrils there are regions where the 
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cellulose chains are arranged in a highly ordered structure (crystalline), and regions that are disordered 
(amorphous) (Figure 1.4) [44]. 
 
 
Figure 1.4. Molecular structure of a single cellulose chain (n= DP, degree of polymerization), showing 
the directionality of the 1→ 4 linkage and intrachain hydrogen bonding (dotted line) (a), schematics of an 
idealized cellulose microfibril showing one of the configurations of the crystalline and amorphous regions 
(b)[44]. 
 
 
Figure 1.5. Schematic of the different levels of the formation of a microfibril [44]. 
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1.1.2.2 Hemicellulose	
Hemicellulose is a heterogeneous group of polysaccharides associated with lignin and cellulose in 
plant cell walls. Hemicellulose is characterized by having a β-1,4-linked backbone with an equatorial 
configuration. Hemicelluloses include arabinoxylan, xyloglucans, xylans, mannans and glucomannans, 
and galactoglucomannan etc. [24,25,45], as illustrated in Figure 1.6.  
 
 
Figure 1.6. Schematic illustration of the types of hemicelluloses found in plant cell walls. ʺFer" 
represents esterification with ferulic acid (3-methoxy-4-hydroxycinnamic acid) [45]. 
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The detailed structure and abundance of hemicelluloses vary widely between different species and cell 
types [45,46]. Previous studies have shown that hydroxycinnamic acids (e.g. ferulic acid) actively 
participate in the cross-linking of arabinoxylans in hemicellulose polymers of plant cell wall, where some 
arabinose residues are found esterified at the O-5 position with ferulic acid residues [47,48]. Other studies 
have demonstrated that hemicellulose polymers (e.g. arabinoglucuronoxylan) are linked to lignin by 
hydroxycinnamates, and that a fraction of the linkages involved a structure of polysaccharide-ester-
hydroxycinnamic acid (e.g. ferulic acid)-ester-lignin[49,50]. The hemicelluloses are suggested to 
contribute to strengthening the cell wall by interaction with other components of plant cell walls [45]. 
1.1.2.3 Aromatic	substances	
Lignin is the main aromatic substance in plant cell wall. Lignin is a heterogeneous aromatic 
biopolymer forming a three-dimensional structure with ether and carbon-carbon linkage between different 
phenylpropanoid units (Figure 1.7) that have been identified as p-coumaryl (H type), coniferyl (G type) 
and sinapyl (S type) alcohols (Figure 1.7).  
In addition, hydroxycinnamic acids are a class of aromatic acid, which are present in small quantities 
in the cell walls of hemp fibers [20]. As mentioned above, hydroxycinnamic acids are involved in the 
linkage between hemicellulose and lignin [49,50]. 
 
Figure 1.7. Schematic drawing of lignin showing various linkages and lignin model compounds. phenol 
and methoxy functionalities (a), a β-O-4 linkage (b), a 5-5ʹ linkage (c), a propyl side chain (d), and  a 
benzylic group (e) [51]. 
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1.1.2.4 Pectin	
Pectin is a family of complex linear polysaccharides, which are responsible for the integrity and 
cohesion of plant cell walls [52–54]. Pectic polysaccharides are most abundant in the primary cell walls 
and middle lamella region. Pectin mainly contains four pectic polysaccharides including more than 70% 
homogalacturonan (HG), 20% rhamnogalacturonan I (RG I) and 10% rhamnogalacturonan II (RG II), and 
small quantities of other substituted galacturonans (e.g. xylogalacturonan) [53,55,56], as illustrated in 
Figure 1.8a.  
 
 
Figure 1.8. Schematic drawing of pectin showing the four pectic polysaccharides including 
homogalacturonan (HG), rhamnogalacturonan I (RG I), rhamnogalacturonan II (RG II) and 
xylogalacturonan (XGA) (a) [53], and the egg-box model of calcium crosslinking in HG polysaccharides 
(b) [56] showing Ca2+ involved interactions between two neighboring pectin chains. 
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The physicochemical properties of pectin are largely dependent on the degree of methyl and acetyl 
esterification. Low-methoxyl (LM) pectin (i.e. HG) has sufficient carboxyl groups for the formation of 
calcium-mediated interactions between two neighboring pectin chains, as described by the "egg-boxʺ 
model (Figure 1.8b) [56,57]. However, high-methoxyl (HM) pectin does not contain sufficient 
polygalacturonic acid residues unmethylated at the C-6 position to form a stable structure through 
calcium-mediated interactions. Instead, hydrogen bonding and hydrophobic interactions have been 
suggested as important forces in maintaining a stable structure for HM-pectin [58,59]. 
 
1.1.3 Mechanical properties 
Hemp fibers are biodegradable polymers that have many unique advantages, such as low cost, low 
density, and moderate tensile strength and stiffness. Density and mechanical properties of different 
varieties of hemp fibers are listed in Table 1.2. As shown, the density of hemp fibers is approx. 1.5 g/cm3. 
Tensile strength, stiffness and failure strain of hemp fibers are 200-1000 MPa, 18-66 GPa, and 2-4%, 
respectively.  
Synthetic fibers (e.g. glass fiber and carbon fiber) have relatively high tensile strength and stiffness. By 
contrast, natural fiber has lower fiber density (1.5 g/cm3) than glass fiber (2.55 g/cm3). Thus, the specific 
tensile strength (133- 670 MPa) and stiffness (12-44 GPa) of hemp fibers are comparable to the specific 
tensile strength (approx. 760 MPa) and stiffness (approx. 30 GPa) of glass fibers. Hemp fibers therefore 
have potential as replacements for glass fiber as reinforcements for composite materials. 
In addition, Table 1.2 shows that there is large variability in the mechanical properties of hemp fibers. 
Many efforts have been made to understand better the scattered mechanical properties of hemp fibers 
[21,60]. A number of studies indicate that many inherent factors may affect the mechanical properties of 
natural fibers, such as chemical composition [21,61], microfibril angle [61–65], and structure of fiber cell 
walls [24,66].  These studies have demonstrated the importance of chemical composition and structure of 
fiber cell walls on the mechanical properties of hemp fibers [21,60,62]. 
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Table 1.2 Mechanical properties of hemp fiber and synthetic fiber. 
Fiber type Density (g/cm3) 
Tensile strength 
(MPa) 
Stiffness 
(GPa) 
Failure strain 
(%) Reference 
Hemp 1.4-1.5 550-600 25-35 - [67] 
Hemp 1.5 310-750 30-60 2-4 [68] 
Hemp  368-482 17.6-19.6 2.5-3 [69] 
Hemp  889 ± 472 35.5 ± 17.3 2.6 ± 2.2 [60] 
Hemp  699 ± 450 31.2 ± 19.7 3.3 ± 1.6 [60] 
Hemp  489 ± 233 33.8 ± 12.2 2.5 ± 1.3 [60] 
Hemp  857 ± 260 58 - [10] 
Hemp  886 66 - [17] 
Hemp  636 ± 253 27.6 ± 7.5 2.1 ± 0.7 [70] 
Hemp 1.6 200-1000 -  [42] 
Glass fiber 2.55 1956 79 - [71] 
Carbon fiber 1.30 3950 238 - [71] 
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1.2 Natural fiber reinforced composite 
1.2.1 Composite materials 
Generally speaking, a composite is considered to be any multiphase material that exhibits a significant 
proportion of the properties of both constituent phases in such way that a better combination of properties 
is realized [72]. Many composite materials are composed of two phases only; one is termed the matrix, 
which is continuous (continuous phase) and surrounds the other phase, often called the dispersed phase or 
discontinuous phase. 
Natural fiber reinforced polymer composites (NFCs) are a type of composites where natural fibers 
(also called cellulosic fibers) are used as reinforcements in the composite materials. As discussed above, 
natural fibers have many unique advantages, such as environmental sustainability, low cost, low density, 
together with high stiffness and strength to weight ratio [5,6]. Research interest has been shifting towards 
the use of natural fibers as a substitute for synthetic fibers in reinforced polymer composites. There are 
many reasons for this interest, including the unique advantages of natural fibers and their high potential to 
replace synthetic fiber for composites use with almost comparable mechanical properties at lower cost 
[73,74]. The advantages and disadvantages are summarized in Table 1.3. 
 
Table 1.3 Advantages and disadvantages of NFCs [5,74,75]. 
Advantages Disadvantages 
 Low density  Low durability compared to synthetic fiber 
composites, but can be improved with fiber 
treatments 
 High specific stiffness and strength  High moisture absorption can result in fiber 
swelling 
 Biodegradability and production of natural 
fibers has low impacts on environment 
 Lower strength and stiffness compared to 
synthetic fibers 
 Fibers can be produced at lower cost than 
synthetic fibers 
 Considerably higher variability in mechanical 
properties of fibers 
 Low hazard manufacturing process  Lower thermal stability 
 Low emission of toxic fumes when subjected 
to heat and during incineration at the end of 
life 
 Less stable when subjected to natural 
microorganisms because cellulose fibers are 
biodegradable 
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1.2.2 Mechanical properties 
In principle, the mechanical properties of composite depend not only on the fiber themselves but also 
on the degree to which an applied load is transmitted to the fibers by the matrix polymers under stress 
[72]. The principle is illustrated in Figure 1.9, where several of important parameters are listed that 
influence mechanical properties of composites. As shown, the factors include: (a) fiber properties; (b) 
matrix properties; (c) fiber length; (d) fiber packing ability; (e) fiber orientation; (f) porosity; (g) fiber 
volume content; (h) fiber/matrix interface properties et al [74]. 
 
 
Figure 1.9. The performance of composites with fibers in a polymer matrix is governed by a range of 
parameters. 
1.2.2.1 Mechanical	properties	of	composites:	stiffness	and	strength	
A large number of modified rule of mixtures models for stiffness and strength of composites have been 
proposed in the literature [76,77]. In one of these models, through including the effect of porosity, the 
stiffness (Ec) and strength (σcu) of composites with a unidirectional fibers orientation and with continuous 
fibers can be expressed by Eq. 1 and Eq.2, respectively. 
ܧ௖ ൌ ൫ ௙ܸܧ௙ ൅ ௠ܸܧ௠൯൫1 െ ௣ܸ൯௡ಶ                                                                                                         (1)  
ߪ௖௨ ൌ ൫ ௙ܸߪ௙௨ ൅ ௠ܸߪ௠∗ ൯൫1 െ ௣ܸ൯௡഑                                                                                                      (2)                                     
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where E is the stiffness, V is the volume content, the subscripts c, m, f and p are composite, matrix, fiber 
and porosity, respectively. σcu is the composite strength, σfu is the fiber strength, and ߪ௠∗  is the stress in 
the matrix at the failure strain of the composite, and nE and nσ are the porosity efficiency exponents (PEE) 
for stiffness and strength, respectively. When PEE =0, it is assumed that the porosity in the composites 
has no effect on the mechanical properties of the composites beyond lowering the load bearing volume. 
When PEE > 0, it is suggested that the porosity in the composites has an effect on the mechanical 
properties of composites by introducing stress concentrations [76]. 
As shown in Eq.1 and Eq.2, besides the effect of composite porosity, composite stiffness (Ec) and 
strength (σcu) are governed by the volume content of fibers (Vf) and of matrix (Vm) as well as the 
properties of the individual parts, Ef and σfu for fibers, and Em and σm for matrix. The volume content of 
fibers (Vf) and of matrix (Vm) can be determined from the fiber mass to matrix mass ratio (or fiber weight 
content) that is the direct parameter used to manufacture composite, and from the properties of fibers and 
matrix polymers such as fiber and matrix density. Hence, composite stiffness (Ec) and strength (σcu) can 
be correlated with a simple parameter, i.e. fiber weight content that is used for composite manufacturing 
as input, as shown in Figure 1.10. 
 
 
Figure 1.10. Stiffness of glass fiber reinforced polypropylene composites vs. glass fiber weight content 
[76], showing that the model line based on Eq.1 fits well with experimental data (♦) . 
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1.3 Effect of fiber treatment on properties of fibers and composites 
As discussed in Section 1.2.1, NFCs have many disadvantages such as lower stiffness and strength 
compared to synthetic fibers (e.g. natural fibers) and large variability in their mechanical properties. But it 
has also been shown that those disadvantages can be more or less overcome by fiber treatment. In 
principle, the aim of fiber processing is to obtain more separated and cellulose rich fibers by removing 
non-cellulosic components and in that way to optimize the strength and form of the fibers before they are 
used as reinforcement in composites. Traditional cellulose fiber processing methods for hemp and flax 
fibers for use, mainly in yarn production, include field retting (also called dew retting) and water retting 
(Figure 1.11). This process has been studied and the local microbial communities has been shown to 
include fungi such as Cladosporium sp. and Cryptococcus sp. as well as bacteria including Escherichia 
coli [78,79]. These retting methods remove non-cellulosic components via spontaneously flourishing 
microbial activity, and these methods have been reported to have negative impacts on both fiber 
properties and the environment [36]. Many efforts have been made to develop new fiber processing 
methods to replace traditional field retting and water retting in order to obtain a high quality of natural 
fibers for NFCs application in recent years [15,22,38,80–84]. 
 
Figure 1.11. Image showing field retting (left, https://en.wikipedia.org/wiki/Retting) and water retting 
(right, http://www.thedailystar.net/jute-rotting-pollutes-chitra-44210). 
Those studies have focused on development of new fiber treatment methods to replace conventional 
retting methods. According to the reagents used, the investigated fiber treatments can be divided into 
three categories: (1) controlled fungal retting [15,18,38,85]; (2) chemical treatment [22,33,86–89]; (3) 
enzyme treatment or retting [22,82,84,87,88,90,91]. 
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1.3.1 Controlled fungal retting 
An alternative retting method is the microbiologically controlled use of selected fungi to degrade non-
cellulosic components in the fibers [15,18,38,85]. Thygesen et al. have investigated the effect of fungal 
defibration and depectinization selectivity of Phlebia radiata Cel 26 and Ceriporiopis subvermispora. 
They found that the mutated white rot fungus P. radiata Cel 26 can selectively degrade the epidermis and 
the lignified middle lamellae and thus facilitate production of small fiber bundles. Moreover, P. radiata 
Cel 26 exhibited a higher depectinization selectivity of 6.0 than C. subvermispora with a selectivity of 4.6 
[18]. Composites with P. radiata Cel 26 treated hemp fibers exhibited a far fewer void content compared 
to composites with the other types of fibers (e.g. raw hemp fibers, water retted fibers and commercial 
hemp yarn) (Figure 1.12) [38]. Consequently, composites with P. radiata Cel 26 treated hemp fibers 
exhibited higher stiffness and tensile strength compared to composites with the other types of hemp fibers 
(Figure 1.13). 
 
Figure 1.12. SEM microscopy images of transverse sections of composites with different type of hemp 
fibers [38]. The blue arrows show voids at fiber/epoxy interfaces. The scale bar in the left image is 20 µm 
and in the right image is 200 µm. 
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Figure 1.13. Stiffness (a) and tensile strength (b) of composites with differently treated fibers vs. fiber 
volume content [38]. 
 
In addition, compared to untreated hemp fibers, improved interfacial shear strength (IFSS) was found 
for hemp fibers treated with white rot fungi Schizophyllum commune when the fibers were used in fiber 
reinforced polypropylene (PP) composites [85]. The result indicates that the hemp fiber interfacial 
bonding with PP was improved by treatment with Schizophyllum commune.    
  
Ming Liu 
 
18 
 
1.3.2 Chemical treatment 
Some research work has been conducted on non-cellulosic removal (e.g. removal of hemicellulose and 
pectin) and on the surface characteristics of chemically treated natural fibers. The physico-chemical and 
mechanical properties of natural fibers can be changed significantly by chemical treatments depending on 
the concentration of chemical agent and the duration of processing time [88]. 
Polymorphic transformation of cellulose I into cellulose II within the crystalline domains of flax fibers 
has been found to be determined by concentration of alkali. Alkali concentrations of 6-10% NaOH 
solution did not cause polymorphic changes within flax fiber cellulose, while increasing NaOH 
concentrations to more than 10% stimulated the polymorphic transformation of cellulose I into cellulose 
II [89]. The changes in polymorphic features of cellulose from cellulose I into cellulose II may alter the 
mechanical properties of natural fibers [92,93] due to differences in mechanical properties between 
cellulose I and cellulose II. Increased adhesion between flax fibers and unsaturated polyester was 
achieved using classical sodium hydroxyl plus acetic anhydride based treatments and with formic acid 
treatment [94]. 
 
Figure 1.14. Effect of fiber treatment on the tensile strength of sisal/glass hybrid polyester composite 
(glass = 5.7 wt.%, total fiber content = 30% wt.%) [95]. Control (a); 5% NaOH (b); 10% NaOH (c); 
cyanoethylation (d); acetylation (e). 
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Mishra et al. have been reported that 5% NaOH treated sisal/glass hybrid polyester composite 
exhibited much higher tensile strength (approx. 130 MPa) compared to 5% untreated sisal/glass hybrid 
polyester composite (approx. 100 MPa) (Figure 1.14) [95]. The increase in the tensile strength of 
composites may be due to the improved adhesion between fibers and polyester polymers. However, when 
a high concentration of NaOH (e.g. 10%) was applied, the strength of the composites decreased (Figure 
1.14) [95]. It has been suggested that this outcome is due to excess delignification of natural fibers 
resulting in weaker or damaged fibers [95,96]. 
1.3.3 Enzyme treatment 
Enzyme treatment (also named as enzyme retting in the literature) involving treatment mainly with 
pectinolytic enzymes, offers an alternative method. This method would be both more controlled and 
would overcome the limitations of traditional methods with respect to time, efficiency and environmental 
impact. In enzyme treatment of fibers, pectic polymers are released from the middle lamella (ML) and 
fiber cell walls by using pectinases (e.g. endo-polygalacturonase) that randomly hydrolyze the glycosidic 
bonds of the homogalacturonan (HG) backbone to liberate monomeric, dimeric, or oligomeric fragments 
[97]. The degradation of pectin from ML allows fibers to be separated and improves adhesion between 
fibers and matrix polymers. Many efforts have been made to obtain optimum fibers for composite use by 
enzyme treatment [22,82,84,87,88,90,91]. 
A pectinase-rich commercial enzyme Viscozyme L was tested on flax fiber, but the mechanical 
properties were decreased after enzyme treatment [98]. Different crude polygalacturonases (PGases) were 
tested for flax fiber treatment; the crude PGases differed in their ability to ret flax fibers, with A. niger 
PGase being the best retting agent among all investigated PGases because it produced the fibers with the 
highest strength[82]. However, retting using PGases of Rhizopus produced the weakest fibers. Targeted 
enzymatic removal of pectin with commercial enzymes from hemp bast fibers has previously found to 
improve the coherence between fibers and matrix polymers and to produce positive effects on hemp fiber 
reinforced composites [84,99]. However, it appears that enzymes alone cannot penetrate the hemp fibers 
and efficiently degrade pectin [34].  
The accessibility of the substrate surface to enzymes is of prime importance in enzymatic treatments 
involving insoluble substrates. Addition of chemical chelators (e.g. ethylenediaminetetraacetic acid 
(EDTA)) has been shown to promote enzyme catalyzed degradation of HG from cellulosic fibers during 
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enzymatic treatments [100,101]. The enhanced enzymatic degradation of HG results from the capacity of 
chemical chelators to form complexes particularly with calcium in pectin [102].  
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2 CHAPTER II − Hypotheses and Objectives 
As briefly introduced in Chapter 1, many efforts have been made to promote the application of natural 
cellulose fibers in fiber reinforced composites. The negative impacts of traditional fiber treatments (e.g. 
field retting and water retting) on fiber properties and environment have been recognized even through 
these methods have been used for quite a long time. A series of experiments was conducted to understand 
the effect of different fiber treatments on the mechanical properties of fibers and fiber reinforced 
composites. However, the effects of traditional retting, fungal retting with some species of white rot fungi 
(e.g. C. subvermispora) and even with commercial enzymes on the properties of natural fibers has not 
been fully understood. To develop new fiber treatments, the key factors that influence the properties of 
fibers during those treatments must be well and systematically studied. 
Cellulosic fibers are primarily composed of cellulose, hemicellulose, lignin and pectin. Understanding 
the contribution of different components to the tensile properties of cellulose fibers will greatly help to 
reshape and optimize cellulose fibers for application in composites. Hence, a deeper insight from the 
perspective of both basic and applied science is needed into the component interactions in the highly 
intermixed structure of natural fiber cell walls. In particular, a better understanding is needed into the role 
of different constituent of fiber cell wall in contributing to the mechanical properties of fibers. 
Lastly, to optimize fiber treatments, the correlation between chemical composition of natural fibers, 
structural properties of natural fibers and fiber reinforced composites needs to be established. The PhD 
study was conducted in order to realize the above purpose and expedite the application of natural fibers in 
polymer matrix composites. 
2.1 Hypotheses 
Hemp fibers were selected as starting materials for fiber treatments in this study. This PhD study was 
built up based on the following hypotheses: 
 Chemical composition, distribution of each constituent and structure of natural fibers affect the 
mechanical properties of hemp fibers; 
 The negative impact of field retting (or water retting) on mechanical properties of hemp fibers is 
due to the action of cellulase enzyme activity during the retting period; 
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 The improved mechanical properties of hemp fiber reinforced polymer composites that results 
from fiber treatments is mainly due to the reduction in composite void content; 
 The decrease in composite void content can be linked to the removal of non-cellulosic components 
by fiber treatments; 
 Polymerization of aromatic substances in hemp fibers can further improve the mechanical 
properties of hemp fiber reinforced composites after pectin removal from hemp fibers; 
 Modified rule of mixture models by including effect of composite voids provide a tool to assess 
the performance of differently treated hemp fibers in composites. 
2.2 Objectives 
The main objective of this study was to test the above hypotheses. The following specific objectives 
were constructed to meet this goal: 
 To study and relate the mechanical properties of untreated hemp fibers with the chemical 
composition and morphology of natural fibers; 
 To assess the effect of traditional field retting on chemical composition and mechanical 
properties of fibers and fiber reinforced composites; 
 To investigate different enzyme activity, especially pectinase and cellulase enzyme activity, 
in extracts from field retted and controlled fungal retted fibers and establish the correlation 
between mechanical properties of differently treated fibers and different enzyme activity; 
 To establish the correlation between mechanical properties of hemp fiber reinforced 
composites and composite void content; 
 To establish the correlation between mechanical properties of hemp fiber reinforced 
composites and chemical composition of fibers after different treatments; 
 To investigate the effect of polymerization of aromatic substances in hemp fibers by laccase 
treatment on mechanical properties of hemp fibers and hemp fiber reinforced composites; 
 To investigate the changes in the content and structure of aromatic substances by laccase 
treatment. 
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 To compare the fit between experimental results of physical and mechanical properties of 
composites containing differently treated hemp fibers and results calculated from applied 
models. 
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3 CHAPTER III − Characterization of untreated hemp fibers: effect of harvest 
time and stem sections on properties of fibers 
In order to know the characteristics of the untreated hemp fibers used as the starting materials for this 
study, the first requirement of this thesis was to characterize the starting materials. Harvest time and stem 
section were chosen as two parameters which might affect the mechanical properties of hemp fibers under 
investigation. To assess the effect of harvest time and stem section on fiber properties and on the later 
fiber processing, the chemical composition, morphology and mechanical properties of hemp fibers were 
analyzed. 
3.1 Hypotheses 
 Harvest time and stem section affect mechanical properties of hemp fibers through differences in 
chemical composition and morphology of hemp fibers; 
 Cellulose is the main component strengthening fiber cell walls, so the higher the content of 
cellulose in hemp fibers, the higher mechanical properties they exhibit. 
3.2 Related papers 
This chapter was based on the following published papers. 
I 
Ming Liu, Dinesh Fernando, Geffrey Daniel, Bo Madsen, Anne S. Meyer, Marcel Tutor Ale, & 
Anders Thygesen 
Effect of harvest time and field retting duration on the chemical composition, morphology and 
mechanical properties of hemp fibers 
Industrial Crops and Products, 2015, 69, 29-39 
  
II 
Ming Liu, Dinesh Fernando, Anne S. Meyer, Bo Madsen, Geffrey Daniel, & Anders Thygesen 
Characterization and biological depectinization of hemp fibers originating from different stem 
sections 
Industrial Crops and Products, 2015, 76, 880-891 
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3.3 Significance of the study 
Natural cellulosic fibers, such as hemp fibers, have moderate tensile strength (300 – 800 MPa) and 
stiffness (30 – 60 GPa), and high stiffness and strength to weight ratio [6], but their mechanical properties 
vary greatly [60]. It has previously been reported that many factors, including variety [60], growth stage 
of the plant [103], growth conditions [104], stem section [69], and harvest year [69] etc, can affect the 
physical properties of hemp fibers. Therefore, it is important to gain an improved understanding of the 
changes in mechanical properties of fibers in relation to morphological features and chemical composition 
of fibers at varied harvest time and from different stem sections. 
3.4 Experimental consideration 
The hemp (Cannabis sativa L.) variety USO-31 used was sown in France (N 48.8526°, E 3.0190° 
(WGS84)) on May 5th 2013. The hemp plants were harvested at two growth stages: (1) at the beginning of 
flowering (i.e. early harvest on July 18th 2013); and (2) at seed maturity (i.e. late harvest on Sep 6th, 2013). 
The late harvested hemp stems were selected for the investigation of stem section effects. Three stem 
sections were defined on one hemp stem: bottom (one third above the base of the stem), top (one third 
under the inflorescence base), and middle (between bottom and top sections).The hemp bast fibers strips 
were manually peeled from the hemp stems for chemical composition and mechanical properties tests. 
Generally, for this study, there were three reasons for choosing two growth stages of hemp plants, 
namely at the beginning of flowering, and at seed maturity. First, at the beginning of flowering, fiber cell 
walls are almost mature and exhibit good mechanical properties with less lignin deposition on fiber cell 
walls [105]. Second, lignification proceeds rapidly after flowering [106], so late harvested fibers might 
have higher lignin content which may affect the mechanical performance of fibers. Third, hemp seeds 
could also be harvested as a product of hemp plants if fibers can be harvested at seed maturity stage. 
3.5 Highlights 
Reduction in bast content and thickness of the primary bast fiber layer in stems were found to be 
highly significant with plant maturity, but fiber lumen (%) did not change with plant maturity. A 
significant increase in the secondary fiber fraction occurred with fiber maturity, and reached a maximum 
value of 10% at seed maturity stage.  
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A reduction was detected in cellulose content (indicated by glucan content) of fiber cell walls from 66% 
for early harvested fibers to 61% for the late harvested fibers. A statistically significant increase in lignin 
deposition from 3.4% to 4.8%, and a slight decrease in pectin content of fiber cell walls with fiber 
maturity were observed. These changes in chemical composition of fibers with fiber maturity were further 
confirmed by microscopy observations and histochemical analyses (Figure 3.1). As a result of those 
differences in morphological features and chemical compositions, fibers harvested at the beginning of 
flowering were found to exhibit higher tensile strength of 950 MPa, stiffness of 35 GPa, and failure strain 
of 6.0%, which confirmed our hypotheses. 
An effect of stem sections on chemical composition and morphology of fibers was confirmed. Pectin 
content of fibers was found to increase from the bottom to the top stem sections, while lignin content 
increased from the top to the bottom stem sections. The highest proportion of secondary fibers was 
mainly found at the bottom. Consequently, fibers from the top and middle stem sections exhibited better 
mechanical properties than those from the bottom stem sections (Figure 3.2). 
Overall, the study showed that mechanical properties of untreated hemp fibers were related to the 
chemical compositional make-up and morphological properties of hemp fibers, notably the secondary 
fiber cell contents. 
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Figure 3.1. Micrographs showing transverse sections of hemp stems isolated from early- and late harvest 
samples after staining for pectin using ruthenium red (a-b) and for lignin using Wiesner (c-d) and Mäule 
reagents (e-f).  
Ml- middle lamella; PC-parenchyma cell; PW-primary wall; SF-secondary fiber; SW- secondary wall.  
(a) and (b): positive reaction for pectin in hemp stems from early harvest (a) and late harvest (b); 
(c) and (d): positive reaction for guaiacyl lignin units in hemp stems from early harvest (c) and late 
harvest (d); 
(e) and (f): positive reaction for syringyl lignin units in hemp stems from early harvest (e) and late 
harvest (f). (from Paper I) 
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Figure 3.2. Ultimate tensile strength (UTS), strain and stiffness of untreated hemp fibers from bottom 
(Bot), middle (Mid) and top (Top) stem sections. Values within a group that do not share a letter are 
significantly different at the 5% level. (from Paper II) 
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4 CHAPTER IV Comparison of field retted and fungal retted hemp fibers for 
fiber reinforced composites 
Fiber processing is necessary and important to produce suitable natural cellulosic fibers for application 
in high-grade biocomposite materials. In principle, the aim of fiber processing is to obtain more separated 
and cellulose rich fibers by removing non-cellulosic components and thus optimize the strength and form 
of the fibers before they are used as reinforcements in composites. Traditional retting processing, 
including field retting (also known as dew retting) and water retting, has been commonly used to remove 
non-cellulosic components from natural fibers. In field retting, hemp stems are spread out in the fields 
where they are attacked by spontaneous flourishing microbial activity. This process may potentially 
damage fibers due to the presence of cellulolytic enzyme activities. Despite its long use, the process is 
still largely empirical. To some extent, a more controlled retting process with selected fungi can 
overcome the disadvantages of the field retting process. This chapter describes comparisons of traditional 
field retting and more controlled fungal retting conducted to elucidate the effect of biological treatment of 
hemp fibers on mechanical properties of fibers and fiber reinforced composites. 
4.1 Hypotheses 
 Traditional field retting produces a negative impact on the mechanical properties of hemp fibers, 
and controlled retting with the mutated white rot fungus P. radiata Cel 26 produces better fibers 
with higher stiffness and strength; 
 The mutated white rot fungus P. radiata Cel 26 has greater selectivity value (weight loss of 
pectin/weight loss of cellulose) in degrading pectin in hemp fibers than field retting or controlled 
retting with C. subvermispora; 
 Effect of different fiber retting methods on properties of fibers can be explained by enzyme 
activity in extracts from differently retted hemp fibers.  
4.2 Related papers 
This chapter was based on the following published papers. 
I Ming Liu, Dinesh Fernando, Geffrey Daniel, Bo Madsen, Anne S. Meyer, Marcel Tutor Ale, & 
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Anders Thygesen 
Effect of harvest time and field retting duration on the chemical composition, morphology and 
mechanical properties of hemp fibers 
Industrial Crops and Products, 2015, 69, 29-39 
  
II 
Ming Liu, Dinesh Fernando, Anne S. Meyer, Bo Madsen, Geffrey Daniel, & Anders Thygesen 
Characterization and biological depectinization of hemp fibers originating from different stem 
sections 
Industrial Crops and Products, 2015, 76, 880-891 
  
III 
Ming Liu, Marcel Tutor Ale, Barłomiej Kołaczkowski, Dinesh Fernando, Geffrey Daniel, & 
Anders Thygesen 
Comparison of field retting with fungal retting using P. radiata Cel 26 for hemp fiber treatment 
aiming at fiber reinforced composites 
Applied Microbiology and Biotechnology, 2016, (submitted) 
4.3 Significance of the study 
Traditional field retting is largely empirical and subject to weather conditions. The identification of 
microorganisms involved in field retting and assays of enzymes secreted by the microorganisms could 
improve understanding of changes in chemical composition and mechanical properties of fibers during 
field retting. Improved understanding would then help in optimizing retting processing and in avoiding 
severe degradation of cellulosic fibers.  
The crucial factors involved in maintaining fiber mechanical properties may be revealed through a 
comparison of traditional field retting and more controlled fungal retting by assessing the different 
responses of hemp fibers to field retting and fungal retting with different selected fungi. The study can 
also help to develop new enzymatic fiber processing to obtain high mechanical properties of fibers for 
composite use. 
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4.4 Experimental consideration 
During the retting process, it is hypothesized that cellulolytic enzyme activity is the crucial factor that 
affects the physical properties of hemp fibers. To verify this hypothesis, a wild-type white rot fungus (i.e. 
Ceriporiopsis subvermispora) and a mutated white rot fungus (i.e. Phlebia radiata Cel 26) were used for 
controlled fungal retting; the mutated white rot fungus P. radiata Cel 26 produces less cellulolytic 
enzymes than its wild types and other wild white rot fungi (e.g. C. subvermispora). Controlled fungal 
retting was carried out on hemp stems for 7, 14, and 20 days in the laboratory under controlled conditions. 
In order to compare with traditional retting process, field retting was carried out for 7, 14, and 20 days 
after harvest. The changes of microbial communities during field retting were analyzed, after which, 
enzyme activities (e.g. cellulolytic, hemicellulolytic, and pectinolytic enzymes activity) were measured in 
order to explain the changes in the mechanical properties of fibers and fiber reinforced composites. 
The effect of starting materials on the performance of biological retting was considered. According to 
the findings in Chapter 1, chemical composition of fibers, and particularly lignin content, varies from the 
top to the bottom stem sections. Lignin is known as a barrier for the entry of microorganisms and inhibits 
fiber extraction and depectinization by biological methods. To investigate the effect of starting materials 
on the performance of fungal retting, stem pieces from different stem sections (i.e. top, middle and 
bottom) were selected for fungal retting. The response of hemp fibers from different stem sections to 
fungal retting was recorded and compared to optimize the fungal retting and obtain high quality hemp 
fibers. 
4.5 Highlights 
A negative effect of field retting on mechanical properties of hemp fibers was found with extended 
field retting, while the mechanical properties of fibers maintained during controlled fungal retting with P. 
radiata Cel 26. These results were confirmed by the differences in glucanase activity between field retted 
and fungal retted hemp fibers. Field retted fibers were shown to have higher glucanase activity. Glucanase 
activity reached the highest level of about 0.1U/ (g dry matter) at the second- week of field retting, while 
glucanase activity was half of that value (i.e. 0.05 U/ (g dry matter)) for fungal retted fibers using P. 
radiata Cel 26 at the same retting period (Figure 4.1). The results confirmed our previous hypotheses. 
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In comparison to field retted samples, higher polygalacturonase activity was detected in fungal retted 
fibers using P. radiata Cel 26. The highest polygalacturonase activity of about 0.6 U/ (g dry matter) was 
detected during the first week in fungal retted fibers, after which the activity gradually decreased (Figure 
4.1). Due to the high polygalacturonase activity and low glucanase activity present during fungal retting 
with P. radiata Cel 26, fungal retted fibers exhibited much lower polygalacturonan content than field 
retted samples. Laccase activity was detected during fungal retting, but was not found during field retting 
(Figure 4.1). The result was confirmed by the degradation of lignin (indicated by Klason lignin) during 
fungal retting with P. radiata Cel 26. Consequently, composites with fungal retted fibers with P. radiata 
Cel 26 exhibited higher stiffness and UTS than composites with field retted fibers (Figure 4.2). 
In comparison to retting with C. subvermispora, the mutated P. radiata Cel 26 offered more 
advantages such as high depectinization efficiency and high selectivity of depectinization (Table 4.1). 
The performance of fungal retting was found to be dependent on the starting materials (i.e. stem sections). 
The yield of fibers, degradation of cellulose, pectin and lignin, and selectivity of depectinization during 
fungal retting were found to decrease from the bottom to the top stem sections (Table 4.1). The different 
responses of starting materials (i.e. stem sections) were related to the differences in the chemical 
composition of fibers originating from different stem sections. The different responses could further 
change the initial variations in the mechanical properties of fibers among fibers originating from different 
stem sections. Therefore the effect of fiber processing and of the original differences in the material 
should be considered in the selection of fibers with fewer variations in mechanical properties. 
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Figure 4.1. Protein content of enzyme extracts (a), and enzyme activities of glucanase (b), 
polygalacturonase (c), galactanase (d), XG-specific endoglucanase (e), and laccase (f) vs. retting 
durations (Unit of enzyme activities were shown as U/ (g dry matter hemp fibers)). (from paper III) 
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Figure 4.2. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated fibers vs. fiber 
volume (Vf) contents (k is slope of linear regression model lines). (from paper III) 
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Table 4.1. Component losses, fiber yield and depectinization selectivity at different sections after 
cultivation with white rot fungi for 14 days (Control group was used as a baseline for the calculation of 
component losses and fiber yield). (from paper II) 
 
Fungal retting Stem section 
Selectivity 
value 
Yield 
% 
Weight loss (%) 1,2 
Glu GalA Rha Gal Ara Lignin 
P. radiata 
Cel 26 
bottom 36.1 88(5) 2(11) 71(5) 51(4) 26(9) 64(9) 3(8) 
middle 18.1 83(2) 4(10) 74(6) 57(9) 33(12) 63(25) 14(8) 
top 10.0 82(4) 7(9) 75(5) 60(13) 40(11) 69(11) 19(8) 
C. 
subvermispora 
bottom 8.2 92(1) 4(9) 46(8) 20(3) 15(14) 30(22) -4(-3) 
middle 3.2 83(1) 14(9) 57(9) 31(15) 19(11) 46(24) 7(7) 
top 3.1 74(5) 20(9) 69(4) 50(5) 42(8) 70(10) 18(9) 
 
1 Glu: glucose, GalA: galacturonic acid, Gal: galctose, Ara: arabinose, Lignin: Klason lignin. 
2 Weight losses are shown as mean value ± uncertainty at the 95% confidence level, selectivity as mean 
values and yield as mean value ± standard deviation. 
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5 CHAPTER V − Hydrothermal pre-treatment and enzymatic retting of hemp fibers 
for the utilization in strong composites 
To obtain high stiffness and strength of fibers, it is important to treat natural cellulosic fibers with 
mono-active enzymes (e.g. pectinase) to avoid any degradation of cellulose. Pre-treatment of hemp fibers 
is necessary to improve enzyme penetration and obtain good results. This chapter describes the 
assessment of hydrothermal pre-treatment at varied severity (i.e. 112 °C, 121 °C, and 134 °C) to improve 
enzymatic pectin removal from hemp fibers during enzymatic treatment with mono-component pectinases. 
Last, the hydrothermally pre-treated and enzymatically retted fibers were assessed in unidirectional 
fiber/epoxy composites. 
5.1 Hypotheses 
 Mild hydrothermal pre-treatment enhances enzymatic removal of pectin from hemp fibers, but 
pre-treatment itself does not damage fibers. 
 Pectin removal by mono-component enzymes produces a positive impact on mechanical properties 
of hemp fiber reinforced composites; 
 Improved mechanical properties of hemp fiber reinforced composites are due to lowered stress 
concentration effect resulted from decreased composite void content. 
5.2 Related papers 
IV 
Ming Liu, Diogo Alexandre Santos Silva, Dinesh Fernando, Anne S. Meyer, Bo Madsen, 
Geffrey Daniel, & Anders Thygesen 
Controlled retting of hemp fibers: Effect of hydrothermal pre-treatment and enzymatic retting on 
the mechanical properties of unidirectional hemp/epoxy composites 
Composites Part A: Applied Science and Manufacturing, 2016, 88, 253-262. 
5.3 Significance of the study 
The results presented in Chapter IV have shown that the presence of cellulolytic enzyme activities 
decreased the mechanical properties of fibers and lowered the mechanical properties of fiber reinforced 
composites, especially when fibers were treated by field retting. High mechanical properties of fibers and 
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fiber-reinforced composites were obtained by fungal retting with a mutated fungus (i.e. P. radiata Cel 26) 
due to low cellulolytic enzyme activity present during fiber retting with P. radiata Cel 26. Even though 
less decrease in mechanical properties of fibers was obtained, fungal retting is still a time-consuming 
process, which takes more than one month including the time for cultivating the fungus [38]. Therefore it 
is important to test mono-active enzymes for fiber treatment in order to obtain high quality fibers. 
Treatment of hemp fibers by enzymes alone cannot achieve good results of pectin removal and fiber 
separation [22,34,107]. Pre-treatment of hemp fibers prior to enzymatic retting is therefore essential to 
achieve improved enzymatic pectin removal and fiber separation. Hydrothermal pre-treatment is 
commonly applied in biorefining schemes, such as 2nd generation bioethanol production, to obtain high 
cellulose convertibility in the subsequent enzymatic treatment with cellulase enzymes [108,109]. It is 
therefore important to assess whether mild hydrothermal pre-treatment at low temperature (112 – 134 °C) 
would enhance enzymatic pectin removal from hemp fibers and to produce cellulose rich fibers without 
any negative effect on fiber mechanical properties. 
Increased mechanical properties of hemp fiber/polypropylene composites with randomly oriented 
fibers after pectin removal by chemical chelators and pectinase have been obtained in previous studies 
[84,99]. The improved mechanical properties of the composites was attributed to more separated fibers 
after pectinase treatments [84,99]. However, the relationships between composite properties and the 
changes in composite porosity after enzymatic treatments have not yet been established. Hence, it is 
important to study the changes in composite porosity and composite mechanical properties after pectin 
removal by hydrothermal pre-treatment and enzymatic retting. 
5.4 Experimental consideration 
Hydrothermal pre-treatment is commonly applied in biorefining schemes, such as 2nd generation 
bioethanol production, to obtain high cellulose convertibility in the subsequent enzymatic treatment with 
cellulase enzymes [108,109]. In this process, high temperature (170 – 220 °C) and pressure (1000 – 1600 
kPa) are usually applied [108–110]. Under such high temperature and pressure, some of the hemicellulose 
can be degraded and the mechanical properties of hemp fibers will be negatively affected. In addition, 
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high temperature and pressure inevitably lead to high energy consumption. Therefore, low temperature 
(112 – 134 °C) and pressure (50 – 200 kPa) were applied in this study. 
Hydrothermal pre-treatment at three different pressures or temperatures was assessed to see whether 
these treatments could improve enzymatic pectin removal from hemp fibers during the enzymatic retting 
step. The removal of pectin and mechanical properties of fibers were used as indicators to optimize the 
severity of the hydrothermal pre-treatment. 
After pectin removal from hemp fibers by hydrothermal pre-treatment and enzymatic retting, fiber 
surface was expected to become cleaner and fibers more separated. The interfaces between fiber and 
matrix would also be improved. Hence, the porosity content of the composites would decrease. In this 
study, composite porosity was selected as a parameter to indicate the improvement in the interfaces 
between fiber and matrix. The changes in composite porosity could be further linked to the changes in the 
mechanical properties of the composites due to changes in stress concentrations. 
5.5 Highlights 
A decrease in pectin content with severity of pre-treatment was observed during hydrothermal pre-
treatment. In addition, a reduction in arabinan, galactan, xylan and Klason lignin was noted with 
increasing severity of pre-treatment. 
SEM micrographs showed that significant physical microstructural changes to hemp fibers occurred 
during hydrothermal pre-treatment at varied severity. Epidermal and parenchymal cells were seen to be 
partially degraded and removed from hemp fibers during hydrothermal pre-treatment. 
Hydrothermal pre-treatment was associated with enhanced accessibility of pectin in hemp fibers to 
pectinases. This accessibility was indicated by increased enzymatic removal of pectin during enzymatic 
retting with hydrothermally pre-treated hemp fibers compared to untreated hemp fibers (Figure 5.1). The 
increased accessibility of pectin for pectinases was presumably due to the changes in fiber morphology 
observed in SEM micrographs. 
No significant reduction in mechanical properties of fibers during hydrothermal pre-treatment was 
found. Hydrothermal pre-treatment at 100 kPa and 121 °C combined with 90-min enzymatic retting 
produced fibers with the highest ultimate tensile strength (UTS) of 780 MPa and stiffness of 36 GPa. 
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In a comparison of all fiber treatments, the combined treatment exhibited a positive effect on the 
mechanical properties of fiber/epoxy composites (Figure 5.2) with the lowest porosity factor of 0.08 
(Figure 5.3), while traditional field retting exhibited a negative effect on the mechanical properties of 
fiber/epoxy composites (Figure 5.2) with the highest porosity factor of 0.16 (Figure 5.3). Composites 
containing hydrothermally pre-treated at 100 kPa combined with 90 min enzymatically treated fibers had 
the highest UTS of 325 MPa and stiffness of 38 GPa at fiber volume content of 50%, which was 31% and 
41% higher, respectively, compared to composites made with field retted fibers (Figure 5.2). 
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Figure 5.1. Mass loss of fibers (a), galacturonan content (b) and glucan content (c) of resultant fibers 
after enzymatic retting. For the same incubation time with enzymes, values that do not share a letter are 
significantly different at the 5% level. (from paper IV) 
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Figure 5.2. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated fibers vs. fiber 
volume (Vf) content (k is slope of linear regression model lines). (from paper IV) 
 
Figure 5.3. Porosity of composites reinforced with untreated and treated fibers vs. fiber volume (Vf) 
content. (from paper IV) 
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6 CHAPTER VI − Effect of pectin and hemicellulose removal from hemp fibers on the 
mechanical property of hemp fiber/epoxy composites 
The effect of pectin and hemicellulose removal on the mechanical properties of fibers and fiber 
reinforced composites was investigated in order to understand the importance of pectin and hemicellulose 
compounds for the mechanical properties of fibers and fiber/epoxy composites. EDTA and pectinase was 
used to remove pectin from hemp fibers, and NaOH was used to remove hemicellulose. The effect of 
pectin and hemicellulose removal on the morphology of fibers and mechanical properties of fiber/epoxy 
composites was studied. 
6.1 Hypotheses 
 EDTA is capable of promoting enzymatic pectin degradation by  removing calcium from hemp 
fibers; 
 Pectin removal increases both stiffness and strength of hemp fibers/epoxy composites due to 
improved fiber incorporation in the epoxy matrix; 
 Hemicellulose removal decreases the strength of hemp fibers and hemp fiber/epoxy composites; 
 Composite stiffness correlates positively with the degree of non-cellulosic components removal by 
fiber treatments. 
6.2 Related papers 
V 
Ming Liu, Anne S. Meyer, Dinesh Fernando, Diogo Alexandre Santos Silva, Geffrey Daniel, & 
Anders Thygesen 
Effect of pectin and hemicellulose removal from hemp fibers on the mechanical properties of 
unidirectional hemp/epoxy composites 
Composites Part A: Applied Science and Manufacturing, 2016, 90, 724−735. 
6.3 Significance of the study 
Hemp fibers are mainly composed of three classes of polysaccharides: cellulose, hemicellulose and 
pectin. Cellulose consists of β-1, 4-linked glucan chains and is organized into microfibrils cross-linked by 
xyloglucan (XG). Pectin fills the spaces between cellulose and XG. The cellulose and the cross-linked 
  
Ming Liu 
 
46 
 
XG chains are commonly considered as the two main components which provide cell wall strength. 
Pectin mainly functions as glue that packs the cellulose microfibrils into individual fibers, and then into 
fiber bundles. It is therefore important to have an improved understanding of the role played by pectin 
and hemicellulose in the mechanical properties of fiber reinforced composites. The study can also help to 
optimize the mechanical properties of hemp fiber/epoxy composites. 
6.4 Experimental consideration 
Pectin was removed using EDTA and pectinase, and hemicellulose was removed using 10% NaOH. In 
Chapter 5, improved pectin removal was achieved by using hydrothermal pre-treatment and enzymatic 
retting. As mentioned, some degradation of hemicellulose was observed during hydrothermal pre-
treatment, and therefore the combined treatment cannot fulfil the purpose of this study. Chemical 
chelators have also been known to enhance pectin removal by pectinases [100,101]. The enhanced 
enzymatic degradation of pectin by EDTA results from the capacity of chemical chelators to form 
complexes in particular with calcium in pectin. Alkali extraction with 10% NaOH is widely used for the 
isolation of hemicellulose from lignocellulosic biomass to obtain cellulose of high purity. Therefore 10% 
NaOH treatment was applied in this study to remove hemicellulose from hemp fibers after pectin removal. 
6.5 Highlights 
Pectin removal by EDTA and endo-polygalacturonase (EPG) removed the epidermal and parenchyma 
cells from hemp fibers and improved fiber separation (Figure 6.1). Hemicellulose removal by NaOH 
further improved fiber surface cleanliness (Figure 6.1).  
The removal of epidermal and parenchyma cells and the improved fiber separation decreased 
composite porosity content. With the exception of field retted samples, the fiber correlated porosity 
factors of composites with differently treated fibers were found to be correlated with pectin and 
hemicellulose content of the fibers (Figure 6.2). As a result, pectin removal increased both composite 
stiffness and ultimate tensile strength (UTS) (Figure 6.3). Hemicellulose removal increased composite 
stiffness, but decreased composite UTS due to the removal of hemicellulose (Figure 6.3). 
There is clear evidence that effective fiber stiffness and effective fiber strength correlate with the 
cellulose content of fibers (Figure 6.2). In a comparison of all fiber treatments, composites with 0.5% 
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EDTA + 0.2% EPG treated fibers had the highest UTS of 327 MPa at fiber volume content of 50%. 
Composites with 0.5% EDTA + 0.2% EPG → 10% NaOH treated fibers had the highest stiffness of 43 
GPa (Figure 6.3) and the lowest porosity factor of 0.04 and the least amount of voids present at 
fiber/epoxy interfaces (Figure 6.4). 
 
Figure 6.1. ESEM micrographs showing cross sections of hemp bast fiber strips: field retted (a), 
untreated (b), 1% EDTA treated (c), 2% EDTA treated (d), 0.2% EPG treated (e), 0.5% EDTA + 0.2% 
EPG treated (f)-(g), and 0.5% EDTA + 0.2% EPG → 10% NaOH treated (h)-(i). Magenta arrowheads 
show parenchyma cell residues on fiber surface; blue arrows show separated fibers and open spaces 
between fibers. Scale bar in (a) is 50 µm with the same magnification for (b)-(e). Scale bar in (g) and (i) 
is 10 µm. (from paper V) 
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Figure 6.2. Fiber correlated porosity factor (αpf) vs. pectin + hemicellulose content (a), effective fiber 
stiffness vs. fiber cellulose content (b), and effective fiber strength vs. fiber cellulose content (c). (from 
paper V) 
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Figure 6.3. Stiffness (a), UTS (b) and failure strain (c) of composites reinforced with untreated and 
treated fibers vs. fiber volume contents (Vf). (In images a and b, the P value indicates the significant level 
for the slope of model lines between differently treated fibers vs. untreated fibers. In image c, the P value 
indicates the significance level for the slope of model lines vs. 0) (from paper V) 
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Figure 6.4. ESEM micrographs of polished hemp fiber/epoxy composites with field retted (a), untreated 
(b), 0.5% EDTA treated (c), 3% EDTA treated (d), 0.2% EPG treated (e), 0.5% EDTA + 0.2% EPG 
treated (f) and 0.5% EDTA + 0.2% EPG → 10% NaOH treated (g-h) fibers. Arrows show examples of 
porosities at epoxy/epidermis, epidermis/epidermis, epidermis/fiber, fiber/fiber and fiber/epoxy interfaces. 
Scale bar in (a) is 50 µm with the same magnification for (b) – (h). (from paper V) 
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7 CHAPTER VII − Oxidation of lignin in hemp fibers by laccase: effects on the 
mechanical property of hemp fibers and unidirectional fiber/epoxy composites 
A deeper insight into the role of different matrix polymers within fiber cell walls is important. Further 
insight is especially needed with regard to how lignin contributes to the mechanical properties, and how 
the modification (i.e. polymerization) of lignin affects the mechanical properties of fibers. To improve the 
mechanical properties of fibers and fiber reinforced composites, laccase treatment was applied to hemp 
bast fibers to oxidize and polymerize phenols in hemp fibers and thus strengthen hemp structure. In this 
study, the resulting changes in phenol structures were analyzed to verify the following hypotheses. 
7.1 Hypotheses 
 Oxidation of aromatic substances in hemp fibers by laccase can improve mechanical properties of 
hemp fibers and hemp fiber reinforced composites; 
 Once the aromatic substances have been removed prior to laccase treatment, less profound 
increases in mechanical properties of hemp fibers and hemp fiber reinforced composites will occur. 
7.2 Related papers 
VI 
Ming Liu, Jügen Odermatt, Andrea Baum, Birgitte Zeuner, Liyun Yu, Jens Berger, Anders 
Thygesen, &Anne S. Meyer, 
Oxidation of lignin in hemp fibers by laccase: Effects on mechanical properties of hemp fibers 
and unidirectional fiber/epoxy composites 
Composites Part A: Applied Science and Manufacturing, 2016, (submitted) 
7.3 Significance of the study 
The primary fibers of hemp are one of the most suitable, cellulose rich fibers for manufacturing strong 
biocomposite materials. The fibers are located in the outer part of the hemp stem beneath the epidermis. 
The primary fibers are mainly composed of cellulose, hemicellulose, lignin and pectin [18]. Cellulose 
consists of a linear chain of β-1,4-linked D-glucose units and is organized into microfibrils interlocked by 
glycans (e.g. xyloglucan, galactomannan) [24,25]. The cellulose microfibrils and the interlocked glycans 
are commonly considered as the two main components which provide cell wall strength. Furthermore, the 
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interlocked network of microfibrils and glycans is embedded in a matrix of pectic substances, and the 
network if further reinforced with structural protein and aromatic substances (e.g. lignin) [24,26,27]. 
Thus, a deeper insight into the role of different matrix materials within fiber cell walls is important, 
especially as regards how lignin contributes to the mechanical properties of fibers, and the possibility of 
polymerization of lignin to improve mechanical properties of fibers. The deeper understanding of the role 
of lignin can help to achieve strong fibers and fiber-reinforced composites. 
7.4 Experimental consideration 
It is recognized that aromatic substances can be polymerized or cross-linked to form complex 
structures by laccase enzymes [47,111,112]. In addition, laccase catalyzed cross-linking of ferulic acid 
has been observed in sugar beet [111,113]. In this study, the changes in lignin and hydroxycinnamates in 
hemp fibers after laccase treatment were characterized to explain the changes in mechanical properties of 
fibers and fiber reinforced composites due to laccase treatment. Changes in lignin-hydroxyl groups were 
characterized by near infrared (NIR) spectra, since NIR spectra provide information of the first and the 
combined overtones of phenol-OH groups. Changes in hydroxycinnamic acids were determined by 
reverse reversed phase high performance liquid chromatography (RP-HPLC). 
Removal of lignin prior to laccase treatment was carried out to verify the above hypothesis. Changes in 
mechanical properties, lignin-OH groups and contents of hydroxycinnamic acids were analyzed in the 
same way as described above. 
7.5 Highlights  
Laccase treatment after 0.5% EDTA + 0.2% endo-polygalacturonase (EPG) treatments increased the 
mechanical properties of hemp fibers and fiber/epoxy composites without influencing composite porosity 
content (Figure 7.1). However, when hemp fibers were treated with NaOH prior to laccase treatment, no 
increase in mechanical properties of fibers and fiber/epoxy composites was noted (Figure 7.1). In a 
comparison of all samples, 0.5% EDTA + 0.2% EPG → 0.5% Laccase treated fibers had the best 
effective fiber properties with the highest stiffness of 82 GPa and strength of 630 MPa. In addition, 
composites with such treated fibers had the best mechanical properties with the highest stiffness of 42 
GPa and strength of 330 MPa at fiber volume content of 50% (Figure 7.1). 
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The maximum decomposition temperature increased to 350.2 °C from 345.7 °C after fibers were 
treated with laccase after 0.5% EDTA + 0.2% EPG treatments. In addition, the maximum decomposition 
temperature increased to 367.9 °C from 360.8 °C after fibers were treated with laccase after 0.5% EDTA 
+ 0.2% EPG → 10% NaOH treatments (Figure 7.2). The increased thermal stability of the laccase treated 
fiber maybe due to oxidation of lignin, and the oxidation of lignin can induce the further generation of 
covalent bonds and cross-linking of aromatic substances in the fiber. 
As shown in NIR spectra after processing by standard normal variate (SNV) and mean centering, the 
peak shifted to 1432 nm from lower wavelengths (i.e. 1410 nm and 1421 nm) after fibers were treated 
with laccase, regardless of the prior treatments (Figure 7.3). The shifting of the peak in the NIR spectra 
was probably due to the oxidation of lignin hydroxyl groups by laccase.  
The differences in the responses of mechanical properties of fibers and fiber/epoxy composites to the 
laccase treatments presumably resulted from the alkali treatments. FTIR spectra and chemical 
composition data showed that some lignin was removed during alkali treatments. As a result, less lignin 
was available for the catalyzed polymerization reactions with laccase. Therefore, no change in the 
mechanical properties of fibers and fiber/epoxy composites after laccase treatments was noticed when 
alkali treatment was applied prior to laccase treatments. The hypotheses were therefore confirmed. 
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Figure 7.1. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated fibers vs. fiber 
volume contents (Vf). (from paper VI) 
 
Figure 7.2. Thermogravimetric analysis for derivatives of weight (%) vs. temperature of untreated and 
differently treated fibers. (from paper VI) 
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Figure 7.3. Near infrared spectra after processed by SNV and mean centering. (from paper VI) 
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8 CHAPTER VIII − Modelling of volumetric composition and mechanical properties of 
unidirectional hemp/epoxy composites- Effect of enzymatic fiber treatment 
Composite porosity is a main parameter used to assess the quality of composites. The aim of this study 
was to determine the quantitative effect of porosity on composite mechanical properties and density and 
to obtain a tool to demonstrate the effect of fiber treatments on mechanical properties and density of fiber 
reinforced composites. Modified rule of mixture model by considering porosity effect on volumetric 
composition and mechanical properties of composites was applied in this study. The model was verified 
by comparing modeling results and experimental results of composites with respect to volumetric 
composition, mechanical properties and density of composites with differently treated hemp fibers. 
8.1 Hypotheses 
 The modified model from rule of mixture model through including effect of composite void, can 
fit well with experimental data for composite density and composite mechanical properties; 
 The applied model provides a useful tool to assess the physical and mechanical properties of 
composites incorporated with differently treated hemp fibers. 
8.2 Related paper 
IV 
Ming Liu, Anders Thygesen, Anne S. Meyer, & Bo Madsen 
Modelling of volumetric composition and mechanical properties of unidirectional hemp/epoxy 
composites – Effect of enzymatic fiber treatment 
IOP Conference Series: Materials Science and Engineering, 2016, 139, 12-31 
8.3 Significance of the study 
A study of the relations between fiber processing routes and the volumetric composition and 
mechanical properties of composites is central to the goal of assessing the effect of various fiber 
treatments. Models that consider porosity effect on volumetric composition, density and mechanical 
properties (i.e. stiffness and strength) were applied this this study. The modelling could provide valuable 
understanding of the effect of fiber treatments on the properties of the composites. This approach is 
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shown to provide a tool to predict the properties of the composites with a certain type of treated fibers for 
the investigated fiber content. 
8.4 Model selection 
The rule of mixtures model (ROM) for stiffness of composites has been widely used [114–117]. This 
model has only considered the effect of fiber volume content on the mechanical properties of composite 
without including any parameters for the effect of other factors such as composite porosity (fiber 
correlated and matrix correlated porosity), fiber length, fiber orientation etc. In order to be more realistic, 
a large number of modified rule of mixtures models for stiffness and strength of composites have been 
proposed [76,77,118]. In order to demonstrate the effect of porosity on mechanical properties of 
fiber/epoxy composites, a model that included the effect of porosity was selected for modelling performed 
in this study. 
8.5 Highlights 
Composites with enzymatically treated fibers, particularly hydrothermally pre-treated and 
enzymatically treated fibers, exhibited clearly higher density due to their lower porosity contents and 
higher fiber volume contents. The model predictions of composite density in Figure 8.1 show that the 
predicted composite density is in good agreement with the experimental data. Therefore, the density of 
composites with a given type of fiber treatment can be well predicted as a function of the fiber weight 
content. 
The model lines in Figures 8.2 and 8.3 were established by setting the porosity efficiency exponent (n) 
equal to 0 and 2. For n = 0, it is assumed that all the porosity is located inside the fibers, in the so-called 
lumen, and this is assumed to have no effect on the mechanical properties of the composites. For n = 2, it 
is assumed that all the porosity is located outside the fibers, e.g. at the fiber/matrix interface or in the fiber 
bundles to produce un-impregnated fibers. This is assumed to lead to stress concentrations, which are 
modelled by setting n equal to 2. When n = 0, as shown in Figures 8.2a and 8.3a, composite stiffness and 
strength increase non-linearly with Wf with a upward curvature until Wf trans, after which, stiffness and 
strength are only slightly reduced. When n = 2, as shown in Figures 8.2b and 8.3b, composite stiffness 
and strength increased non-linearly with Wf with a downward curvature until Wf trans, after which, stiffness 
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and strength are reduced radically. The downward curvature of the model lines is most obvious for the 
composites with the highest porosity content, such as the composites with field retted and untreated fibers. 
Generally, the model lines are in good agreement with the experimental data. 
 
 
 
 
 
Figure 8.1. Composite density vs. fiber weight content. (from paper VII) 
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Figure 8.2. Composite stiffness vs. fiber weight content. Model lines are constructed using a porosity 
efficiency exponent of (a) 0 and (b) 2. Values of adjusted R-squared are shown next to the model lines. 
(from paper VII) 
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Figure 8.3. Composite strength vs. fiber weight content. Model lines are constructed using a porosity 
efficiency exponent of (a) 0 and (b) 2. Values of adjusted R-squared are shown next to the model lines. 
(from paper VII) 
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9 CHAPTER IX − Conclusions and Future perspectives 
9.1 Conclusions 
The overall aim of this PhD study was to improve mechanical properties of hemp fiber reinforced 
composites and obtain a better understanding of the roles of different fiber cell wall components in 
contributing to the mechanical properties of hemp fibers and fiber reinforced composites. A prerequisite 
for the PhD study was to have an overview of the different factors that influence of the mechanical 
properties of natural cellulosic fibers in order to select strong hemp fibers for composites (Chapter I). In 
addition, the factors that affect the mechanical properties of natural fiber reinforced composites were 
summarized to provide an inspiration for optimization of the mechanical properties of natural fiber 
reinforced composites through fiber processing such as chemical and enzymatic fiber processing. 
The effect of harvest time and stem sections on chemical composition, morphology and mechanical 
properties of hemp fibers was investigated (papers I and II). The objective of this study was to find the 
correlation between chemical composition and morphology of hemp fibers and the mechanical properties 
of hemp fibers. Our initial hypothesis, based on the fact that cellulose is the main component that 
strengthens fiber cell walls, was that harvest time and stem sections influenced fiber properties through 
influencing fiber chemical compositions, and cellulose content in particular. The results of this study 
confirmed our initial hypothesis and showed that harvest time of hemp fibers and origin of stem section 
did affect chemical composition. A highly significant reduction in cellulose deposition and a slight 
decrease in pectin content, but a significant increase in lignin deposition in fiber cell walls, were noted 
with stem maturity (stem sections from the top to the bottom). Microscopy observations and 
histochemical analyses corroborated the results of the changes in fiber chemical compositions with 
maturity. The results showed that hemp fibers with lower maturity (i.e. harvested at the beginning of 
flowering or from top and middle stem sections) had higher stiffness and tensile strength than the fibers 
with higher maturity (i.e. harvested at seed maturity or from bottom stem sections). 
Prior of manufacturing of high quality natural fiber reinforced composites, fiber processing to remove 
non-cellulosic components is usually needed to obtain more separated and cellulose rich fibers. Paper I 
also studied the effect of the traditional field retting method at varied retting durations on chemical 
composition and mechanical properties of hemp fibers. The results can be used a benchmark to assess the 
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other fiber processing methods described in the subsequent chapters of this PhD study. The results 
showed that traditional field retting damaged fiber properties due to the presence of cellulase activity 
(papers I and III). Consequently, composites with traditionally field retted fibers had much lower stiffness 
and strength than composites with untreated fibers (paper III). No improvement in fiber/matrix interfaces 
was noted by field retting, as indicated by similarly high porosity contents were present both in the 
composites with field retted fibers and in the composites with untreated fibers. Compared to traditional 
field retting based on local spontaneous microbial activities, fungal retting with the mutant Phlebia 
radiata Cel 26, which produces less cellulase than its wild type, can degrade pectin more efficiently and 
produced high quality fibers (papers II and III). As a result composites with P. radiata Cel 26 retted fibers 
had much high stiffness and strength compared to composites with field retted fibers. 
The effect of field retting and fungal retting on chemical composition and mechanical properties of 
hemp fibers and hemp fiber/epoxy composites can be explained by the enzymes activity of enzyme 
extracts from field retted and P. radiata Cel 26 retted fibers at varied retting durations (paper III). The 
extracts from field retted fibers had much higher cellulase activity during the first 20 days of retting 
compared to extracts from P. radiata Cel 26 retted fibers. Extracts from P. radiata Cel 26 retted fibers 
exhibited much higher polygalacturonase, galactanase, xyloglucan (XG)-specific endo-glucanase and 
laccase activity (paper III). In a comparison of field retting and P. radiata Cel 26 retting, P. radiata Cel 
26 retting demonstrated higher efficiency of pectin degradation, higher retting selectivity (ratio of pectin 
degradation and cellulose degradation), and produced stronger hemp fibers and hemp fiber reinforced 
composites (papers II and III). These results further confirmed our previous hypothesis that cellulase 
activity is the key factor that damages the quality of hemp fibers during retting. 
To obtain high quality hemp fibers and fiber reinforced composites, mono-component pectinases were 
applied in hemp fiber processing so as to completely get rid of cellulase activities. Hydrothermal pre-
treatment at mild conditions could improve enzyme accessibility of hemp fibers (paper IV). Consequently, 
improved pectin removal from hemp fibers by pectinases (e.g. endo-polygalacturonase) was obtained. 
Hydrothermal pre-treatment of hemp stems at 121 °C for 30 min followed by enzyme treatment of hemp 
bast fibers with pectinases produced the strongest fibers with a very low content of pectin (~ 3%). Last, 
an increase in both stiffness and UTS of the composites made with hydrothermally pre-treated and 
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enzymatically treated fibers was observed. The improved mechanical properties of fiber/epoxy 
composites were mainly due to the improved coherence between fibers and matrix polymers, as indicated 
by the decreased composite porosity content (paper IV).   
The above studies showed that cellulase activity had a negative effect on fiber mechanical properties 
and pectin removal by using mono-component pectinases provided a way to obtain high quality hemp 
fiber reinforced composites. To further improve the mechanical performance of hemp fiber reinforced 
composites, it is important to understand the role of different components of fiber cell walls in 
contributing to the mechanical performance of hemp fibers and hemp fiber reinforced composites. To 
achieve this aim, a series of experiments were carried out (paper V). Pectin removal by EDTA and endo-
polygalacturonase removed parenchyma and epidermal cells from hemp fibers, and the porosity content 
of the composites reinforced with the resultant fibers decreased. Stiffness and UTS of the composites with 
EDTA and endo-polygalacturonase treated fibers increased compared to composites with untreated fibers. 
Hemicellulose removal by sodium hydroxide improved the stiffness of composites due to the increase in 
cellulose content. But sodium hydroxide treatment decreased UTS of the composites due to the disrupted 
interlocked network as a result of the removal of hemicellulose, especially xyloglucans.  
The interlocked network of cellulose and glycans is reinforced with aromatic substances. Modification 
of the aromatic substances in hemp fibers may further increase the mechanical properties of hemp fibers 
and hemp fiber reinforced composites. Laccase from Trametes versicolor was used to oxidize the 
aromatic substances in hemp fibers, and the results showed that laccase treatment can further strengthen 
the fiber network (paper VI). Stiffness and UTS of fibers and fiber/epoxy composites increased after 
fibers were treated by laccase after pectin removal by EDTA and endo-polygalacturonase. In addition, 
increased thermal resistance of hemp fibers was observed after laccase treatment. However, once 
aromatic substances were partially removed by alkali treatment prior to laccase treatment, no 
improvement in mechanical properties of fibers and fiber reinforced composites was noted. Small 
quantities of hydroxycinnamic acids in hemp fibers were found. Our initial hypothesis was that the 
improvement in mechanical properties of hemp fibers caused by laccase treatment was due to 
enzymatically catalytic cross-linking of hydroxycinnamic acids, especially ferulic acids. However, no 
noticeable changes in the content of hydroxycinnamic acids were observed before and after laccase 
treatments. This may be because the content of hydroxycinnamic acids monomers was very low, and the 
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changes could hardly be detected. Changes in lignin structures were revealed by NIR spectra and Py-
GC/MS (paper VI). The results demonstrated that mechanical properties of hemp fibers can be 
manipulated by modifying the aromatic components in hemp fibers. 
Lastly, the effect of enzymatic fiber treatments, especially pectinase enzymes treatments, on the fiber 
performance in unidirectional hemp fiber/epoxy composites was assessed by modelling the volumetric 
composition and mechanical properties of the composites using a modified rule of mixture model. The 
modelling study gave a better understanding of the effect of fiber treatments on mechanical properties of 
fibers and fiber/epoxy composites. The modified rule of mixture model, which introduced a fiber 
correlated porosity factor to consider the effect of porosity, fitted well with the experimental results of 
composite density and mechanical properties of composites. This study demonstrated that the applied 
model provides a concept for use in evaluation of the performance of treated fibers in composites. 
9.2 Future perspectives 
As we have shown in this study, hemp fibers have great potential for use as reinforcements in 
biocomposite materials. A series of chemical and enzymatic fiber processing approaches were conducted 
to improve the mechanical properties of hemp fibers and hemp fiber/epoxy composites. In principal, the 
studied fiber processing methods also are suitable for other lignocellulosic fibers for composite use. A lot 
of work can still be done to accelerate the application of natural fibers in polymer matrix composites. 
Investigation of the effect of different polymer matrices on the mechanical properties of natural fibers 
is important to expand the application of natural fibers in biocomposite materials. Different polymer 
matrices may require additional fiber treatments to obtain the maximum mechanical properties of fiber 
reinforced composites. When hydrophobic polymers (e.g. polyester, polypropylene) in particular are used 
as matrix phase, fiber surfaces need to be treated to improve fiber/matrix interfaces. Alfa fiber surface 
modification by chemical reactions between chemical reagents (e.g. maleic anhydride, styrene and acrylic 
acid) and the OH group on fiber surfaces was conducted by Bessadok et al. (2009) [119]. Modification of 
flax fiber by grafting of various vinyl monomers mixtures such as methylmethacrylate (MMA)/ 
ethylacrylate (EA), MMA/acrylonitrile (AN) and MMA/acrylic acid (AA) has also been investigated to 
improve the mechanical or physical performance of natural fibers [120]. These techniques can possibly be 
applied to hemp fiber/ hydrophobic polymer composites. 
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As has shown in this study, without spinning into yarns, hemp bast fibers can be used for 
manufacturing strong biocomposites using different fiber processing methods. However, a continuous 
form of fibers (e.g. yarn) is required to up-scale industrial application. Traditional spinning techniques 
which involve decortication, scutching, carding, cottonization and spinning steps, can be applied to 
chemically and enzymatically treated fibers. However, traditional fiber processing was found to decrease 
the mechanical properties of hemp fibers dramatically [42]. Traditional fiber spinning is a part of the 
textile manufacturing process and produce yarn by twisting together of drawn out strands of fibers. The 
twisting angles depend on applied spinning method and can affect the mechanical properties of the 
composites [37]. New processing (e.g. dry-jet-wet spinning) for manufacturing regenerated fibers by 
using lignocellulosic materials has been intensively studied [121–124]. High-strength regenerated fibers 
have been obtained with UTS up to 800 MPa and stiffness of 30 GPa from cellulosic materials using ionic 
liquid (i.e. [DBNH][OAc]) as dissolution solvent. These techniques could be applied in this study. The 
structure of the regenerated fibers might be further reinforced by laccase treatments such as conducted in 
this study (paper VI). 
With these considerations in mind, an interesting area for further study aimed at obtaining strong fibers 
for composite use could involve spinning cellulosic fibers or cellulosic materials into continuous forms of 
fibers (named regenerated fibers). This could be done using the dry-jet-wet spinning method using ionic 
liquids as dissolution solvent. Treatments of the regenerated fibers based on properties of the selected 
matrix polymers may be required to achieve the maximum mechanical properties of fibers and fiber 
reinforced composites. 
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a b s t r a c t
The large variability in the mechanical properties of hemp ﬁbers is an issue in relation to their use in
high-grade composites. The objective of the present study was to determine the optimal growth stage for
harvesting hempﬁbers for use in composites and to evaluate the effect of ﬁeld retting time onmechanical
performance of the ﬁbers. Reduction in bast content and thickness of the primary bast ﬁber layer in
stems were found to be highly signiﬁcant (P<0.01) with plant maturity. A signiﬁcant increase in the
secondary ﬁber fraction occurred with maturity, reaching a maximum value of 10% at seed maturity.
A highly signiﬁcant reduction in cellulose deposition in ﬁber cell walls was reﬂected by reduced ﬁber
wall thickness with plant maturity and was related to the development and ripening of hemp seeds.
A statistically signiﬁcant increase in lignin deposition and a slight decrease in pectins in hemp ﬁber
cell walls were also noted with stem maturity. Microscopy observations and histochemical analyzes
corroborated the results from the chemical analyzes and revealed variations in morphological aspects
and spatial micro-distributions of carbohydrates and lignin within the cell structure of the hemp stems
between early- and late growth phases. Fibers harvested at the beginning of ﬂowering exhibited high
tensile strength and strain, which decreased with plant maturity. Reduction in strength was related to
the increase in proportion of secondary ﬁbers and decrease in cellulose deposition leading to inferior
properties of ﬁbers. A negative effect of ﬁeld retting occurred only after extended ﬁeld retting (i.e., 70
days)whichwas presumably due to accelerated degradation of cellulose by the action ofmicroorganisms.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Hemp ﬁbers are cellulose-rich cells that are attractive as rein-
forcement agents in composite materials due to their low cost
and density, good mechanical properties and potential sustainabil-
ity and biodegradability (Islam et al., 2011; Thygesen et al., 2005,
2011). Thehempﬁbers suitable for composites are theprimary- and
secondary ﬁbers (i.e., bast ﬁbers) situated in the cortex of the hemp
plant stem. The bast ﬁbers encircle the core xylem and originate
from the procambium and correspond to sclerenchyma primary
cells (Crônier et al., 2005; Esau, 1943). Their morphological fea-
tures differ signiﬁcantly from those of xylem ﬁbers. In addition,
the morphology and chemical composition of bast ﬁbers vary with
∗ Corresponding author. Tel.: +45 21326303.
E-mail address: athy@kt.dtu.dk (A. Thygesen).
maturity (Charlet et al., 2007; Duval et al., 2011; Mediavilla et al.,
2001). This results in large variations in the mechanical properties
of the ﬁbers (Placet et al., 2012), and these variations are gener-
ally considered a major barrier for using hemp ﬁbers in composites
where high reliability and stability of ﬁber properties are required.
The main chemical components of hemp ﬁber cell walls are cel-
lulose, hemicelluloses, lignin and pectin and the ﬁbers are bound
together by apectin and lignin-richmiddle lamella (ML) (Love et al.,
1994;Nykter et al., 2008). For high-grade composites, theML-ﬁber-
ﬁber bonding must be degraded to obtain individual ﬁbers and/or
small ﬁber bundles. Therefore to increase the ease of ﬁber extrac-
tion from plants and reduce ﬁber breakage, the stems are normally
retted before mechanical separation (termed “decortication”). The
retting stage is critical for the broad use of hempﬁberswith respect
to economic aspects andﬁber quality (Keller et al., 2001;Mediavilla
et al., 2001).
http://dx.doi.org/10.1016/j.indcrop.2015.02.010
0926-6690/© 2015 Elsevier B.V. All rights reserved.
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In ﬁeld retting (also known as dew-retting), plant stems are
spreadout in theﬁeldswhere theyareattackedmainlyby fungi. The
pectinolytic enzymes expressedby the fungi candegrade thepectin
in the middle lamella regions between ﬁbers (Henriksson et al.,
1997). Field retting is still widely used due to its low cost (Bacci
et al., 2010), but is limited to geographic regions where weather
conditions are suitable for fungi proliferation. Field retting also
causes many problems such as increased scattering of ﬁber prop-
erties, insecurity of ﬁber supply due to poor weather conditions
and may also cause delays in the planting of subsequent crops. Due
to these disadvantages, more efﬁcient and controllable methods
have been investigated, including chemical treatment (Song and
Obendorf, 2006), mechanical deﬁbration (Vignon et al., 1996), and
enzymatic retting (Li and Pickering, 2008). However, those meth-
ods require high energy input or expensive enzymes and/or may
generate costly wastes (Tahir et al., 2011).
For natural ﬁbers, their mechanical performance (e.g., tensile
strength) largely depends on a number of crucial physical and
chemical parameters, and the mechanical performances of natu-
ral hemp ﬁbers were recently shown to be highly dependent on
ﬁber diameter (Duval et al., 2011; Marrot et al., 2013; Placet et al.,
2012). Tensile strength is found to decrease as the ﬁber diameter
increases and this diameter dependence is closely related to both
the number of ﬁber defects (i.e., kinks or dislocations) and number
of single ﬁbers contained in the ﬁber bundles (Fan, 2010).
Hemp contains secondary bast ﬁbers situated outside the vas-
cular cambium. These secondary ﬁbers are shorter (approx. 2mm
long) and thinner (approx. 15m in diameter) than primary ﬁbers
(i.e., tenths of mm in length and 18–24m in diameter) (Mishra
2009; Sankari 2000a). According to Amaducci et al. (2008), these
secondary ﬁbers are primarily located at the bottom of the plant
stem. Their formation has been reported to cause a reduction in
both ﬁber yield and quality after ﬂowering (Mediavilla et al., 2001).
Thus, the mechanical properties of hemp ﬁbers are dependent on
many parameters such as ﬁber diameter, defects, chemical compo-
sition, and the presence/proportion of secondary ﬁbers.
The aims of the present work were to provide an improved
understanding of the reduction of mechanical properties of hemp
ﬁbers in relation to morphological features and chemical composi-
tion during growth and ﬁeld retting.
2. Materials and methods
2.1. Raw material
2.1.1. Cultivation and harvest
Thehemp(Cannabis sativa L.), varietyUSO-31,was sownat a rate
of 45kg/ha on May 5th 2013 in France (N 48.85◦, E 3.02◦ (WGS84))
by hemp cultivation companies (Planète Chanvre and Bafa Neu
GmbH). The seeds were sown with the seed drill 3–4 inches deep.
The hemp plants were fertilized with 80kg/haN, 45kg/haK and
45kg/ha P. The monoecious hemp plants were harvested at two
developmental stages: (1) at the beginning of ﬂowering (i.e., early
harvest on July 18th 2013); and (2) seed maturity (i.e., late harvest
on Sep 6th 2013). Using the deﬁnition of hemp growth stages given
by Mediavilla et al. (1998), the two stages selected correspond to
codes 2101 and 2204. Precipitation was not well distributed over
the season (beginning of May to the end of September, 2013). From
sowing date to the early harvest date, the weather was cool with
an average temperature of 14.5 ◦C and precipitation was relatively
evenly distributed with a total of 115mm. Between early and late
harvest (ﬁrst retting period for early harvest sample, 50 days in
total), the weather was quite hot (especially during daytime) with
an average temperature of 19.6 ◦C and dry with a precipitation of
52mm. From late harvest to the end of ﬁeld retting (20 days in
total), the weather was humid with a total precipitation of 41mm
and cool with an average temperature of 14.2 ◦C (Fig. 1).
2.1.2. Sampling and storage
In this study, sampling involved a complete randomized block
design with three replications. With each harvest (i.e., early- and
late harvest), in every replicate, 10m2 above-ground part of hemp
was harvested and the number of plants was determined. Con-
sidering the high dependence of morphological feature, chemical
composition and mechanical properties on hemp stem sections,
only the bottom section (one third above the base of the stem) of
the plant was investigated (Charlet et al., 2007; Duval et al., 2011).
A randomized sample of 20 bottom sections of plants per replica-
tion was used to determine the diameter of hemp stem and bast
content.
A ﬂow diagram of the setup for this study is presented in Fig. 2.
For early harvest, a randomized sample of 80 plants per replication
was divided into 4 groups (Group 1–Group 4). For late harvest, a
randomized sample of 100 plants per replication was divided into
5 groups (Group 1–Group 5).
2.2. Cell wall isolation
The bast ﬁbers were air-dried at 40 ◦C with an air ﬂow of
150m3/(m2 gridh) (Maskinfabrikken Thisted, Denmark Type 150)
and ground with a crushing microﬁne grinder (IKA, MF 10.1) to a
particle size of 1mm. Samples of about 3 g were then extracted in a
Soxhlet apparatus (Gerhardt EV6 All/16 No. 10-0012) for 5h using
a 300mL solution of toluene-ethanol-acetone (4:1:1 by volume)
(Sluiter et al., 2008; Özmen et al., 2013). For each sample, the ﬁnal
residue was dried at 50 ◦C for 12h. and the resulting residue was
designated as cell wall residue (CWR).
2.3. Chemical analysis of CWR
Chemical analyzes were done using two-step sulfuric acid
hydrolysis at 72% and 4% (w/w), according to the method of the US
National Renewable Energy Laboratory (Sluiter et al., 2011). After
acid hydrolysis, the hydrolysate was collected for monosaccharide
analysis. Hemp ﬁbers are characterized by their low lignin content,
and the lignin content of hemp bast ﬁbers is usually characterized
by Klason lignin. (Charlet et al., 2007; Gutiérrez et al., 2006). For
Klason lignin analysis, a crucible with ﬁltrated solids (i.e., acid-
insoluble ash+ acid–insoluble lignin)was dried in an oven at 105 ◦C
for 12h. After cooling to room temperature in a desiccator, the cru-
cibleswereweighed (W1). Subsequently, the crucibleswere placed
in a mufﬂe furnace at 550 ◦C for 3h, then cooled in the desicca-
tor and reweighed as W2 (i.e., acid–insoluble ash). The amount of
acid–insoluble lignin (also termed Klason lignin) was determined
as W1–W2.
Monosaccharide analyzes were performed by HPAEC-PAD
analysis using an ICS-3000 system consisting of a gradient
pump (model DP-1), an electrochemical detector/chromatography
module (model DC-1) and autosampler (Dionex Corp., Sunny-
vale, CA). Separation was achieved using a CarboPacTM PA20
(3mm×150mm) analytical column following that described by
Arnous and Meyer (2008). Roughly, it is considered that arabinose,
galactose, galacturonic acid and rhamnose are speciﬁc to pectins,
and glucose belongs to the cellulose moiety (Crônier et al., 2005;
Vignon and Garcia-Jaldon, 1996). The concentration of polymeric
sugars was calculated from the concentration of the corresponding
monomeric sugars, using an anhydrous correction of 0.88 for C-5
sugars and a correction of 0.9 for C-6 sugar (Sluiter et al., 2011).
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Fig. 1. Precipitation and daily average temperature in the trial location during the period of growth of the hemp plants and ﬁeld retting (Meteo France, Weather station
Mouroux no. 77320002).
Fig. 2. Flow diagram showing sample preparation in this study.
2.4. Microscopic and histochemical observations
Fresh transverse sections were cut from the bottom regions
of hemp stems using a stereo microscope (Wild Heerbrugg M8,
Wild Leitz, Switzerland). Histochemical staining was  performed on
transverse hemp stem sections on glass slides followed by adding
one drop of 50% (v/v) glycerol in water. Cover slips were placed on
the stained sections, mounted in glycerol and examined immedi-
ately using a Leica DMLB light microscope (LM) with digital images
recorded using an Inﬁnity X-32 camera (DeltaPix Denmark). The
following histochemical reactions were performed (Thygesen et al.,
2005):
2.4.1. Lignin-hydroxycinnamyl aldehydes (Wiesner reaction)
The  stem sections were stained with two drops of 10 g/L
phloroglucinol in ethanol followed by the addition of one drop of
35% (v/v) HCl.
2.4.2.  Syringyl lignin (Mäule reaction)
The stem sections were stained with one drop of 1% (w/v) aque-
ous KMnO4 for 5 min. followed by three washes in water. The stem
sections were then immersed in 3% (v/v) HCl for 1 min, washed with
distilled water and immersed in 29% (v/v) NH3 for 1 min, followed
by washing with distilled water.
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Fig. 3. The micrograph showing a transverse section of a bast ﬁber strip (A) and the setup used for sample preparation for tensile strength testing (B).
2.4.3. Pectin
The  stem sections were stained with 0.02% (w/v) aqueous ruthe-
nium red (JMC Specialty Products).
Due to the temporary nature of the staining reactions, all obser-
vations including digital image recording were performed within
10–15 mins of staining. A number of morphological features were
measured using Image-Pro Plus (Media Cybernetics Inc., USA),
including thickness and area of epidermis, primary ﬁber layer (PFL),
secondary ﬁber layer (SFL), cambium, ﬁber cell walls and lumen.
Thus the PF- (i.e., ratio of the PFL area to the bast area) and SF
fractions (i.e., ratio of the SFL area to the bast area) could be
determined.
Morphological features at hemp stem level were determined as
the average of 4 measurements from 10 transverse sections from 3
bundles of each sample, which in total represented 120 measure-
ments. At the single ﬁber level, an average of 4 measurements from
50 cells from 3 ﬁber bundles of each sample of bast ﬁbers were made
representing in total 600 measurements.
2.5.  Tensile strength testing of ﬁber bundles
The bast ﬁber strips (80 mm long × 1 mm wide) were peeled
manually from the hemp stem followed by minor modiﬁcation of
the strips with a razor blade to obtain constant width along the
entire length of the bast ﬁber strips using a light microscope. The
main part of the epidermis of each strip was removed using a razor
blade and the center part of the strip, with length 60 mm,  was
excised for tensile testing. The other two  pieces (each 10 mm in
length) were embedded in epoxy resin and the cross-sectional area
determined by optical microscopy combined with image analysis.
The average cross-sectional area was  applied in the further calcu-
lations. A sketch and a micrograph of a typical transverse section of
the bast ﬁbers are shown in Fig. 3A. Tensile tests were carried out
on 20 specimens at each treatment level.
Test specimens were made by gluing tabs on each ﬁber tip with
epoxy resin (DP 100) with a custom-made holder (Fig. 3B). Con-
sidering the short length of single ﬁbers in test specimens, a gauge
*
Fig. 4. Schematic diagram of a transverse section of hemp stem showing the organization and morphology of a bast strip and single ﬁber (e.g., primary- and secondary ﬁbers)
in  the bast layer.
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Fig. 5. Light micrographs of transverse sections from developing hemp stems: (A) early harvest; (B) late harvest.
E:  epidermis; PF: primary ﬁber; X: xylem; PC: parenchyma cell; SF: secondary ﬁber; C: cambium; ML:  middle lamella; L: lumen.
length of 10 mm was used. Bast ﬁber strips were ﬁrst placed on the
surface of the bottom tabs, aligned along the centerline and ﬁxed at
two adhesive points, keeping the test pieces straight. Then, a drop
of epoxy resin was applied to the center of the bottom tabs and the
upper tab placed on top. Finally a cover-plate was used to clamp
the tabs using screw nuts. After curing at 20 ◦C for 24 h, the ﬁxed
samples were removed from the holder.
All samples were tensile tested using an Instron Test-
ing Machine 2710-203 equipped with a 1000 N load cell, at
a tensile speed of 0.5 mm/min  at 25 ◦C and 50% humidity.
The ultimate tensile strength (UTS) of the bast strips was  deﬁned
as the ratio of failure load (N) and the cross-sectional area of the
bast strips including the area of ﬁber cell walls and lumen.
2.6.  Statistical analysis
Analysis  of variance (ANOVA) for the two growth stages
was performed on each measurement. For each morphological
characteristic, chemical composition and mechanical properties,
maturation effect was tested at a signiﬁcance level of 5% (Minitab
16). For the mechanical properties of retted ﬁbers, ANOVA was
performed independently on the measurements of early- and late
harvest samples and the ﬁeld retting duration effect was tested.
Differences between each retting time were evaluated using the
Turkey multiple comparison test with a level of signiﬁcance at 5%.
3. Results and discussion
3.1.  Hemp stem morphology
The  original hemp stems were 1.5–2.5 m tall and 5–15 mm
in diameter. The stems contained 30–40% w/w bast ﬁbers and
were organized in layers from the stem pith toward the sur-
face by 1–5 mm xylem, 10–50 m cambium, 100–300 m cortex,
20–100 m epidermis and 2–5 m cuticle at the macroscopic level.
At the microscopic level, the bast ﬁbers included primary- and sec-
ondary ﬁbers. The deﬁnition of stem components was in accordance
with  that reported by Garcia-Jaldon et al. (1998) and Schäfer and
Honermeier (2006) and shown schematically in Fig. 4. A large varia-
tion in the morphological features of hemp bast ﬁbers from bottom
section to top section was  observed. Only the bottom section was
therefore investigated in this study.
3.2. Microscopic observations of hemp bast ﬁbers from different
stem  sections
A  microscopic image of a transverse section illustrating the
cellular structure of developing hemp stems is shown in Fig. 5
and morphological characteristics at stem- and single ﬁber lev-
els shown in Tables 1 and 2, respectively. Great variations in the
morphology of hemp stems were apparent with maturity provid-
ing interesting information on the variability at both bast ﬁber-
and individual ﬁber levels. However, the same overall organization
of layers from the innermost xylem toward the surface consisting
of cambium, secondary- and primary ﬁbers, epidermis and cuticle
were observed for both developmental stages (Fig. 5A and B).
At  the bast ﬁber level, there was  a signiﬁcant increase in thick-
ness of secondary ﬁber layer (SFL) from 10 to 54 m from early-
to late harvest, but major reductions in the thickness of epidermis
and primary ﬁber layer (PFL) were observed (Table 1). As a result,
the primary ﬁber (PF) fraction decreased from 49 to 45% (non-
signiﬁcant at P = 0.05) and secondary ﬁber (SF) fraction increased
signiﬁcantly from 2 to 10%.
Hemp  is characterized by the presence of secondary ﬁbers which
are shorter and thinner than primary ﬁbers (Mishra 2009; Sankari
2000a). Amaducci (2008) reported the secondary ﬁbers as primarily
present in the bottom of plant stems. Besides the effect of ﬁber loca-
tion inside hemp stems, Schäfer and Honermeier (2006) reported
that the proportion of secondary ﬁbers was affected by weather (i.e.,
dry conditions) and concluded that harsh weather results in more
secondary ﬁbers. According to our microscopy observations, the
proportion of secondary ﬁbers increased with period of growth. At
the beginning of ﬂowering, only a few secondary ﬁbers surrounded
by many parenchyma cells existed in the inner part of the bast ﬁber
Table 1
Morphological features of developing hemp stems analyzed from transverse sections of hemp stems (values in the table are shown as mean ± standard deviation).
Sample Stem diameter
(mm)
Bast content (%) Xylem content
(%)
EL thickness
(m)
PFL thickness
(m)
SFL thickness
(m)
PF fractionb (%) SF fractionb (%)
Early harvest 7.2 ± 0.8 44 ± 1 56 ± 1 89 ± 23 184 ± 47 10 ± 3 49 ± 3 2 ± 3
Late  harvest 8.6 ± 0.9 37 ± 1 63 ± 1 52 ± 21 119 ± 10 54 ± 4 45 ± 5 10 ± 6
Fa value 4.0 *** 51.0 ** 51.0 ** 9.8 ** 11 ** 215 *** ns 6 **
PFL: primary ﬁber layer, SFL: secondary ﬁber layer, EL: epidermis layer, ns: non-signiﬁcant.
a F value for harvest time effect at P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
b PF- and SF fractions were deﬁned as the ratio of transverse area of primary- and secondary ﬁber in the ﬁber strip to the sum of the transverse area of epidermis layer,
primary ﬁber layer, secondary ﬁber layer and cambium layer, respectively.
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Table 2
Morphological features of developing hemp stems analyzed from transverse sections of ﬁbers (values in the table are shown as mean ± standard deviation).
Cell wall thickness
(m)
Cell  area
(m2)
Lumen  area
(m2)
Lumen
(%)
Primary ﬁber
Early  harvest 12.2 ± 2.8 1416 ± 627 123 ± 125 8.2 ± 6.8
Late harvest 11.1 ± 2.0 1500 ± 772 173 ± 332 7.9 ± 9.4
P  value1 <0.001 >0.05 >0.05 >0.05
Secondary  ﬁber
Early  harvest 5.1 ± 1.4 193 ± 169 8 ± 8 7 ± 9
Late harvest 4.6 ± 1.2 178 ± 83 3 ± 3 2 ± 2
P  value* >0.05 >0.05 >0.05 >0.05
* P value: harvest time effect on the measurements of morphological features for primary- and secondary ﬁbers.
layer showing a low abundance (Fig. 5A). In contrast, a distinct and
thick secondary ﬁber layer arranged into separated ﬁber bundles
was observed at seed maturity (Fig. 5B).
The results are consistent with previous studies (Mediavilla
et al., 2001; Schäfer and Honermeier 2006), which show that the
development of secondary ﬁbers starts at the early ﬂowering stage
and more secondary ﬁbers are formed during the latter part of seed
ripening. In addition, it is interesting that the bast content was
reduced from early- (44%) to late harvest (37%). In addition, the
plant density of 250 per m2 at emergence decreased to 140 per
m2 at early harvest and to 40 per m2 at late harvest. This indi-
cated that self-thinning occurred. This reduction in plant density
may be ascribed to inter-plant competition, which is found to cause
density-induced mortality resulting in a reduction of bast content
in the stem (Van der Werf et al., 1995a,b)
At the single ﬁber level, morphological information with respect
to primary- and secondary ﬁber were observed (Fig. 5). Results
were consistent with previous studies on hemp bast ﬁbers, where
variations in ﬁber diameter have been reported (Crônier et al.,
2005; Ouajai and Shanks, 2005; Placet et al., 2012; Schäfer and
Honermeier, 2006; Wang et al., 2007). In Beckermann and Pickering
(2008), the hemp ﬁber diameter was on average between 20 and
33 m.  However, since the ﬁber cells have different shapes (e.g.,
round, oval, polygonal), precise measurements of their diameter
are almost impossible (Fig. 5). Therefore, in our study, the area of
ﬁber cells was determined (Table 2). A reduction in the thickness of
both primary- and secondary ﬁber cell walls with increasing matu-
rity was found, whilst the reduction in the thickness of primary
ﬁber cell walls was statistically signiﬁcant (P < 0.05). However, the
cell area of primary ﬁbers was found to increase from 1416 to
1500 m2. Furthermore, the slight decrease in the proportion of
lumen (i.e., porosity) from 8.2 to 7.9% indicated that the investi-
gated ﬁbers were already mature at the beginning of ﬂowering.
This is in agreement with the results reported by Amaducci et al.
(2008) who found that hemp ﬁbers from bottom sections of stems
reached the highest maturity at the beginning of ﬂowering.
It  is interesting that the reduction in primary ﬁber- and sec-
ondary ﬁber cell wall thickness and area coincided with a reduction
in bast content, while the proportion of secondary ﬁbers showed a
signiﬁcant increase (Table 1). Presumably, inter-plant competition
(indicated by a high decrease in plant density from 140 per m2 to
40 per m2 from early to late harvest), and the relatively dry and hot
weather conditions between early and late harvest period (Fig. 1)
are likely responsible for this results.
The foregoing description on variations in morphological
characteristics for the two development stages shows that the
morphological features of hemp ﬁbers are strongly inﬂuenced by
growth stages. It appears characterized by the non-terminating
growth of ﬁbers while new secondary ﬁbers are continually gen-
erated from separated single cells at earlier growth stages (i.e., at
the beginning of ﬂowering). Secondary ﬁbers are then organized
into bundles which produced a distinct layer in the mature stem
in  contrast to that observed for primary ﬁbers, which have been
arranged into a layer since early harvest. In addition, the propor-
tion of parenchyma cells among ﬁber bundles continued to increase
(Fig. 5A and B). These changes were assumed associated with seed
formation between early- and late harvest.
3.3. Chemical analysis and histochemical staining of transverse
sections of hemp stems
The  chemical components of bast ﬁbers from early- and late har-
vest are presented in Table 3. Notably, the lignin content increased
signiﬁcantly from 3.4 to 4.8% over the growth period from the
beginning of ﬂowering to seed maturity. In contrast, a highly signif-
icant (P < 0.01) reduction in cellulose content (indicated by glucose
content) and decrease in pectin deposition (indicated by galactur-
onic acid content) were noted from the beginning of ﬂowering until
seed maturity. The reduction in cellulose content was consistent
with the morphological characteristics of bast ﬁbers revealed by
the microscopy investigations, which showed a decrease in cell wall
thickness of both primary- and secondary ﬁbers with maturity.
Histochemical analyzes were performed for visualizing the spa-
tial micro-distribution of lignin and pectin in the wall structure of
hemp cells. Pectins are non-cellulosic acidic polysaccharides that
are found primarily in the compound middle lamellae (CML) of
plant cell walls (i.e., between ﬁbers, parenchyma etc.) with much
lesser amounts in secondary walls. Ruthenium red staining has fre-
quently been used for localizing pectin in plant/wood tissues and
stains acidic pectins red/pink (Hou et al., 1999; Waller et al., 2004).
The staining of transverse sections of hemp stem showed red/pink
staining and presence of pectins in the CML  region between all
cell types (Fig. 6A and B) irrespective of the growth stage. In addi-
tion, greatest staining was shown in cell corner middle lamellae
(ML) of hemp ﬁbers indicating presence of pectins at high concen-
tration. This suggests that ﬁber separation could be achieved by
pre-treating pectin either by its partial removal or structural change
in the ML  region during retting. However, a difference in the stain-
ing intensity between the two  developmental stages (Fig. 6A vs B),
where early harvested hemp stems stained more strongly than late
harvested stems were consistent with the chemical analysis during
ripening of the hemp plants (Table 3).
The spatial micro-distribution of lignin within hemp cell walls
during the two  growth stages was  determined using the Wiesner-
and Mäule reactions (Fig. 6C–F). Phloroglucinol in the Wiesner
reagent reacts with lignin guaiacyl units producing a deep red color
while the Mäule reaction stains lignin brown/orange due to the
reaction with syringyl units in lignin.
Although the xylem cell walls stained an intense red color with
Wiesner reagent irrespective of the growth stage, differences in
staining were observed in the bast region of the stem with respect
to cell type and their growth phase (Fig. 6C and D). Similar obser-
vationfs were obtained with the Mäule reagent where a positive
reaction for syringyl lignin was  detected in the cell walls (Fig. 6E and
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Table  3
Anhydrous monosaccharides and Klason lignin content of investigated hemp ﬁbers (standard deviations of 3 replicates in parentheses)
Harvest time Retting time Amount (g/100 g dry matter)
Glu GalA Gal Xyl Man  Ara Rha Klason lignin
Early harvest 0 66.0 (1.5) 6.9 (0.4) 2.0 (0.2) 1.0 (0.0) 2.8 (0.3) 1.0 (0.l) 1.0 (0.1) 3.4 (0.5)
Late  harvest 0 61.3 (0.4) 6.3 (0.3) 2.1 (0.1) 1.1 (0.2) 3.0 (0.3) 1.0 (0.1) 1.1 (0.0) 4.8 (0.5)
P  value* P < 0.01 ns ns ns ns ns ns P < 0.05
Early
har-
vest
50 71.3 (0.5) 3.1 (0.3) 2.4 (0.1) 1.1 (0.1) 3.8 (0.4) 0.4 (0.0) 0.8 (0.0) 4.3 (0.1)
70 65.1 (2.6) 4.1 (0.4) 2.0 (0.0) 1.5 (0.0) 4.9 (0.3) 0.6 (0.1) 0.8 (0.0) 7.4 (1.7)
Late
har-
vest
7 63.9 (1.0) 5.4 (0.6) 2.0 (0.2) 1.1 (0.2) 4.0 (0.4) 0.7 (0.2) 1.0 (0.0) 5.3 (0.9)
14 70.2 (0.5) 3.1 (0.4) 2.4 (0.2) 0.8 (0.2) 3.4 (0.1) 0.4 (0.0) 0.8 (0.0) 6.1 (0.9)
21 66.9 (1.2) 3.6 (0.4) 2.0 (0.0) 1.0 (0.2) 3.9 (0.2) 0.6 (0.1) 0.8 (0.0) 8.1 (0.3)
Glu: glucose, GalA: galacturonic acid, Gal: galactose, Xyl: xylose, Man: mannose, Ara: arabinose, Rha: rhamnose.
* P value: the effect of harvest time on chemical composition of different samples, ns: non signiﬁcant.
F). Although there was a positive reaction in both primary- and sec-
ondary ﬁbers, both reagents stained the CML  strongly and also the
outermost layers of the secondary walls compared to inner regions
which showed very pale or no staining (Fig. 6). This indicated that
lignin is predominantly concentrated in CML  regions of bast ﬁbers
with  much lesser amounts in secondary walls. Results are consis-
tent with the plant’s classiﬁcation as an Angiosperm, which are
known to contain both guaiacyl and syringyl lignin units.
In  addition, the bast ﬁbers from the two  growth stages stained
differently according to plant growth stage. Despite positive
Fig. 6. Micrographs showing transverse sections of hemp stems isolated from early- and late harvest samples after staining for pectin (A and B) and guaiacyl lignin (C and
D)  and syringyl lignin (E and F).
ML: middle lamella; PC: parenchyma cell; PW:  primary wall; SF: secondary ﬁber; SW:  secondary wall.
(A)  and (B): positive reaction for pectin in hemp stems from early harvest (A) and late harvest (B); (C) and (D): positive reaction for guaiacyl lignin units in hemp stems from
early  harvest (C) and late harvest (D); (E) and (F): positive reaction for syringyl lignin units in hemp stems from early harvest (E) and late harvest (F).
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Fig. 7. Hemp stem content variations (A1: early harvest, B1: late harvest) and relative changes in content (A2: early harvest, B2: late harvest) of lignin, cellulose and pectin
during ﬁeld retting.
reactions for both primary- and secondary ﬁbers as seen in
Fig. 6C–F, the outermost primary ﬁbers (close to epidermis) in
stems at seed maturity stained with greater intensities indicat-
ing a higher lignin content in the most matured ﬁbers presumably
due to the deposition of lignin during the seed maturity stage.
Results suggest that lignin deposition continued from the beginning
of ﬂowering to seed maturity thus correlating with the chemical
composition analyzes.
Variations  in relative carbohydrate and lignin components dur-
ing ﬁeld retting for both early- and late harvests were investigated.
The relative and normalized content increase in lignin, pectin
and cellulose are shown in Fig. 7. The cellulose content increased
more than 10% during retting for both early- and late harvest, but
decreased at later stages of the retting process. The pectin con-
tent decreased slightly at the beginning of retting and thereafter
remained stable. In contrast, the lignin content increased steadily
during the whole retting period for both early- and late harvested
hemp. Results suggest that the cellulose content is highest at the
early part of ﬁeld retting whereas the lignin content becomes con-
centrated during the retting period. The results correlate with the
normalized content increase (Fig. 7A2 and B2) and that cellulose,
pectin and lignin are degraded at different rates. Pectin is removed
at the highest rate, followed by cellulose and then lignin.
The  changes in polymer composition can be explained by the
action of microorganisms, which degrade and dissolve the cel-
lular tissues and pectins surrounding the bast-ﬁber bundles (Fu
et al., 2011), so facilitating further separation of the ﬁbers from the
stem (Di Candilo et al., 2010). When hemp stems start to degrade,
fungal  colonies appear as dark ﬂecks on the surface of the bark and
continue to develop until the surface turns to a steel-grey color
(Jankauskiene˙  and Gruzdeviene˙,  2013). At the initial stage of attack,
growth of microorganisms is vigorous but as retting proceeds, the
growth rate decreases (Donaghy et al., 1990). Therefore at the early
stage of retting, pectins are degraded very rapidly (Fig. 7A2 and
B2) with the rate of degradation decreasing as retting continues. In
contrast, the rate of cellulose degradation increased gradually with
period of retting. Presumably, as pectin is degraded and removed,
the accessibility of cellulose for the microorganisms increases, and
therefore a decrease in cellulose content is shown during the later
stages of retting.
3.4.  Mechanical properties of non-retted and ﬁeld retted hemp
ﬁbers
The  mean values for mechanical properties of the bast strips
isolated from non-retted and ﬁeld retted hemp stems are pre-
sented in Table 4. The mean values for ultimate tensile strength
(UTS), elongation and stiffness were 683–954 MPa, 4.5–6.2%, and
27.5–34.9 GPa, respectively. Similar values for mechanical prop-
erties of hemp ﬁbers are given in the literature (Table 5) with
489–899 MPa, 2.1–4.4%, and 27.6–66 GPa, respectively. Generally,
the data verify that the method in this study for tensile testing
gives reasonable values for UTS and stiffness, while the value for
elongation is a little higher (Table 5).
Results indicate that the mechanical performance of hemp
ﬁbers was strongly inﬂuenced by harvest time. While ﬁbers
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Table  4
Mechanical properties of non-retted and retted hemp ﬁbers from the ﬁeld (standard deviations of 20 replicates in parentheses).
Retting duration (days) Ultimate tensile strength(MPa) Elongation at break(%) Stiffness(GPa)
Early harvest
0  954a (162) 6.2a (1.2) 34.9 (4.4)
50  822b (136) 5.4ab (1.5) 33.5 (8.1)
70  816b (128) 4.6b (1.4) 31.3 (4.0)
Late  harvest
0  812 ab (105) 4.6 (1.3) 31.1ab (5.6)
7  832a (198) 4.7 (1.8) 32.5a (4.8)
14 697ab (135) 4.5 (1.5) 30.7ab (4.5)
20  683b (107) 4.5 (1.2) 27.5b (4.6)
P value* P < 0.05 P < 0.001 P < 0.05
Values with different letters within a column for hemp harvested at the same time are signiﬁcantly different (P < 0.05).
* P value: harvest time effect on mechanical properties of non-retted hemp ﬁbers.
Table 5
Mechanical properties of hemp ﬁbers given in literature.
Hemp variety Harvest year Tensile strength
at  break
(MPa)
Stiffness
(GPa)
Elongation at break
(%)
Gauge  length (mm) Tensile speed
(mm/min)
Reference
Fedora 17 2011 889 ± 472 35.5 ± 17.3 2.6 ± 2.2 10 1 Marrot et al. (2013)
Felina 32 2009 699 ± 450 31.2 ± 19.7 3.3 ± 1.6 10 1 Marrot et al. (2013)
Fedora 17 2007 489 ± 233 33.8 ± 12.2 2.5 ± 1.3 10 1 Marrot et al. (2013)
Unknown 2002 857 ± 260 58 / 10 0.5 Pickering et al. (2007)
Unknown / 886 66 / / / Fan et al. (2011)
Unknown / 636 ± 253 27.6 ± 7.5 2.1 ± 0.7 8 0.12 Placet et al. (2012)
USO-31 1995 830 (661, 1125)a / 4.3 (3.2, 6.5)a 20 20 Sankari (2000b)
USO-31 1996 647 (478, 942)a / 4.4 (2.6, 5.4)a 20 20 Sankari (2000b)
a Values denote median (25th percentile, 75th percentile).
from early harvest hemp stems exhibited signiﬁcantly higher
mechanical properties with an UTS and elongation at break and
stiffness of 954 MPa, 6.2% and 34.9 GPa, respectively, those from the
late harvest possessed 812 MPa, 4.6% and 31.1 GPa, respectively.
The variation of the mechanical properties of hemp ﬁbers with
harvest time can be explained by results from microscopy observa-
tions and chemical analyzes. A noticeable decrease in bast content
and increase in the proportion of the secondary ﬁbers (Table 1)
during seed maturation were observed in the present study. The
data obtained are in agreement with previously published reports
where hemp ﬁber quality was found to be reduced with decreasing
bast content, which may  have resulted from self-thinning (Van der
Werf et al., 1995a,b). In addition, Mediavilla et al. (2001) reported
a reduction in ﬁber yield and quality after the ﬂowering stage
due to the formation of secondary ﬁbers. Furthermore, the reduc-
tion of mechanical properties with maturity may  also be closely
related to the statistically signiﬁcant decrease in cellulose depo-
sition (Table 3) since the importance of cellulose on the tensile
properties of hemp ﬁbers is well known (Charlet et al., 2007; Marrot
et al., 2013). Therefore, the signiﬁcant decrease in tensile strength
of hemp bast ﬁbers can most likely be explained by the decrease
in cellulose content (Table 3) and the increase in proportion of less
valuable secondary ﬁbers (Table 1) resulted from senescence and
self-thinning of hemp plants from early to late harvest leading to
inferior ﬁber quality.
Normally,  retting precedes mechanical separation (decortica-
tion) of ﬁbers from stems and is essential for the reduction of
ﬁber damage. Field retting (or dew retting) is still widely used in
industry because of its low cost. The effect of ﬁeld retting duration
on mechanical performance of hemp ﬁbers is shown in Table 4.
Early harvested hemp ﬁbers had a longer period of ﬁeld retting,
which lasted 50 and 70 days, respectively because of the arid sum-
mer  conditions compared to the colder and more rainy weather
in September 2013 (Fig. 1). Their mechanical properties includ-
ing UTS (Fig. 8), elongation at break and stiffness varied inversely
with retting time. The UTS was greatly reduced compared with
Fig. 8. The changes in ultimate tensile strength of hemp ﬁber strip with ﬁeld retting
duration.
non-retted samples and the reduction in elongation at break was
not statistically signiﬁcant until the period of retting reached 70
days. However, no signiﬁcant decrease in stiffness was  observed.
These results may  reﬂect the accelerated cellulose degradation dur-
ing the latter part of ﬁeld retting as indicated by the negative slope
of the line for cellulose content in Fig. 7A1 and A2.
Results for the late harvest stems were similar to those from the
early harvest although some interesting differences were noted. In
particular, no statistical signiﬁcant reduction in mechanical perfor-
mance of ﬁbers was  observed compared with non-retted samples,
although both UTS and stiffness decreased with the extended
period of ﬁeld retting. In addition, there was a slight increase in
mechanical properties of ﬁbers retted for 7 days in the ﬁeld with
respect to UTS and stiffness and then a notable reduction of both
parameters with increasing retting time. This may be explained
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by the signiﬁcant increase in cellulose content in retted samples
because of the microbial removal of pectins during ﬁeld retting (see
Fig. 7B1–B2). However, in later stages, cellulose degradation was
accelerated after most of the non-cellulosic tissues were removed
and accessibility of cellulose to the microorganisms was increased.
Together, the effect of ﬁeld retting appears largely dependent
on retting time. When retting duration was shorter, the mechanical
properties of ﬁbers with respect to UTS and stiffness may  increase
due to a continuous concentration of the cellulose content. How-
ever, the mechanical properties varied inversely with extended
retting time probably due to accelerated cellulose degradation as a
result of increasing accessibility of microorganisms to cellulose.
It  should be noted that hemp ﬁbers are categorized as “natu-
ral cellulosic ﬁbers”, whose properties can be inﬂuenced by many
parameters during their growth and development (Duval et al.,
2011). Furthermore, bast ﬁber strips can be regarded as ﬁber-
reinforced composites, whose properties depend not only on those
of the ﬁbers themselves but also on the degree to which an applied
load is transmitted to the ﬁbers by the matrix phase under stress
(Callister, 1994). The mechanical performances of the bast ﬁber
strips therefore depend on both the mechanical properties of the
individual ﬁbers and coherence between ﬁbers. Thus, the removal
of non-cellulosic polymers during ﬁeld retting results in lower
coherence between ﬁbers and thereby in lower mechanical prop-
erties.
4. Conclusions
The development of hemp ﬁbers as reinforcement agents for
composites and the requirement of high mechanical performance
of cellulosic ﬁber reinforced materials require optimal ﬁbers
and a corresponding economical and accurate method for ﬁber
extraction. Thus, an improved understanding of the properties of
non-retted ﬁbers and effects of ﬁeld retting on the chemical com-
position and mechanical properties of ﬁbers is of major importance.
Fibers harvested at seed maturity are signiﬁcantly ligniﬁed and
thus will be difﬁcult to be extracted from hemp stems compared
with ﬁbers from the beginning of ﬂowering. Furthermore, the
important reduction in hemp bast mechanical properties with plant
maturity may  be attributed to the combined effect of the noticeable
decrease in cellulose deposition, and the formation and increase in
proportion of secondary ﬁbers that caused deterioration of primary
ﬁber quality regarding morphological and chemical characteristics.
Highly ligniﬁed ﬁbers are not desirable and favorable for retting.
Considering the mechanical performance of hemp bast ﬁbers, hemp
harvested at the beginning of ﬂowering is therefore recommended
for use in strong composites.
In  this study, the reduction in ﬁber quality caused by a long
period of ﬁeld retting was conﬁrmed and may  be related to a
continuous increase in cellulose degradation, while no noticeable
change in ﬁber quality was observed for short-periods of ﬁeld ret-
ting. Consequently, traditional ﬁeld retting may  not be the optimal
pretreatment for strong ﬁbers and it is suggested that short-period
ﬁeld retting may  be adopted to extract ﬁbers more efﬁciently and
accurately combined with other methods including the use of tar-
geted enzymes, selected microbes or chemicals.
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a b s t r a c t
The wide variation of mechanical properties of natural ﬁbers limits their applications in matrix compos-
ites. The aim of this study is to evaluate the properties of hemp ﬁbers from different stem sections (top,
middle and bottom) and to assess fungal retting pretreatment of hemp from different stem sections with
the white rot fungi Phlebia radiata Cel 26 and Ceriporiopsis subvermispora. For the untreated hemp ﬁbers,
no apparent difference in tensile behavior for ﬁber bundles from different stem sections was observed,
and more than 90% tested samples demonstrated plastic ﬂow behavior. Fiber strength and stiffness were
highest for the ﬁbers from the top andmiddle stem sections. These propertieswere related to the compo-
sitional make up and morphological properties of hemp ﬁbers, notably the secondary ﬁber cell contents.
In fungal retting, there was a strong dependence of depectinization selectivity on stem section, which
decreased from bottom to top presumably due to the signiﬁcantly higher lignin content in the bottom
section than in the top section (middle sectionwas in between). Consequently, the fungal retting caused a
lower reduction in strength of ﬁbers from the bottom section than in those from the top stem section, and
essentially reversed the inﬂuence of stem section on ﬁber tensile strength through depectinization selec-
tivity. At whole hemp stem level, the fungal retting with P. radiata Cel 26 exhibited better mechanical
properties with an ultimate tensile strength, strain and stiffness of 736MPa, 2.3% and 42GPa, respec-
tively, while ﬁbers treated with C. subvermispora exhibited lower mechanical properties of 573MPa, 1.9%
and 40GPa, respectively. The study thus also showed that less variable and high strength ﬁbers may be
produced using the dependence of depectinization selectivity on stem section for composite application.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Natural cellulosic ﬁbers, such as hemp and ﬂax, are increasingly
considered as important raw materials for the production of high
quality textiles and potential reinforcement agents in composite
materials due to their environmental sustainability and biodegrad-
ability. The potential use of natural cellulosic ﬁbers in high grade
composites as replacements for synthetic glass ﬁbers, has gained
renewed interest over the last decade. Replacing synthetic glass
ﬁbers with natural cellulosic ﬁbers offers advantages including
low cost, low density and desirable mechanical properties in the
resulting composite materials (Fan et al., 2011). For example, cel-
lulose rich bast ﬁbers from hemp exhibit high tensile strength
(300–800MPa) and high stiffness (30–60GPa) (Aslan et al., 2011).
∗ Corresponding author. Tel.: +45 21326303.
E-mail address: athy@kt.dtu.dk (A. Thygesen).
The mechanical properties of bast ﬁbers vary greatly, rendering
them unsuitable for use in high grade composite materials where
high reliability and stability are required. Typical parameters that
affect the mechanical performance of bast ﬁbers include the vari-
ety (Marrot et al., 2013), growth stage of the plant at harvesting
(Liu et al., 2015; Mediavilla et al., 2001), growth conditions (van
Der Werf et al., 1995), stem section (Duval et al., 2011), and ﬁber
treatments (Evans et al., 2002; Islam et al., 2011; Morrison et al.,
2000). Charlet et al. (2007) reported that the mechanical proper-
ties of ﬂaxﬁberswerehighly dependent on the stemsectionused to
obtain theﬁbers. Fibers from themiddle section exhibited the high-
est strength of 1795±1127MPa and ultimate strain of 2.4±0.7%,
while ﬁbers from the bottom section showed the lowest strength
and ultimate strain of 757±249MPa, and 1.6±0.5%, respectively.
As reported for ﬂax, the effect of stem section on mechani-
cal properties of hemp ﬁbers is that ﬁbers from middle of stems
exhibited higher tensile strength and elongation than ﬁbers from
http://dx.doi.org/10.1016/j.indcrop.2015.07.046
0926-6690/© 2015 Elsevier B.V. All rights reserved.
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the bottom and the top (Duval et al., 2011). However, the reasons
for the results were not further analyzed. Compared to ﬂax, the
most disadvantageous feature in hemp ﬁbers is the presence of
inferior secondary ﬁbers (Mankowski et al., 2006). The secondary
ﬁbers in hemp are primarily located at the bottom of the plant
stem (Amaducci et al., 2008) and are much shorter (approx. 2mm
long) and thinner (approx. 6m in diameter) than the primary
ﬁbers (approx. 20mm long and 10–40m in diameter) (van der
Werf et al., 1994). The presence of secondary ﬁbers in bottom stem
section may contribute to rendering ﬁbers from bottom inferior.
Besides that, ﬁbers from different sections show different chem-
ical composition (e.g. cellulose, pectin, and lignin) (Crônier et al.,
2005), whichmay result in differentmechanical properties, though
homogeneous maturity can be obtained by delaying harvest time
from beginning to full ﬂowering (Amaducci et al., 2008). Further-
more, variations in chemical composition (e.g. lignin) ofﬁbers along
plant stem may affect ﬁber extraction with biological methods,
resulting in different responses (e.g. depectinization efﬁciency and
selectivity) at different stem sections.
Regarding to ﬁber extraction, retting, a process used to remove
non-cellulosic compounds from cellulosic ﬁbers, is a major chal-
lenge in the extraction of cellulosic ﬁbers. Traditional methods of
retting include ﬁeld retting and water retting. Field retting is sub-
ject toweather conditions, and causes signiﬁcant scattering of ﬁber
properties and extended ﬁeld retting can even damage the ﬁbers
(Liu et al., 2015), whereas water retting, subjected to geographic
regions, is also uncontrolled with respect to the modiﬁcation of the
ﬁbers and moreover causes serious ecological problems (Hu et al.,
2012). An alternative retting method is controlled microbiological
retting. Controlled microbiological retting uses speciﬁc enzymes
secreted by microorganisms during cultivation to attack chemical
components in the ﬁbers under controlled conditions (Thygesen
et al., 2007). Thygesen et al. (2005, 2013) investigated the effect of
fungal deﬁbration and depectinization selectivity of Phlebia radi-
ata Cel 26 and Ceriporiopsis subvermispora. They found that the
mutated white rot fungus P. radiata Cel 26 can selectively degrade
the epidermis and the ligniﬁedmiddle lamellae and thus small ﬁber
bundles can be produced. Moreover, P. radiata Cel 26 exhibited
higher depectinization selectivity of 6.0 than C. subvermispora with
a selectivity of 4.6 and ﬁbers treated with P. radiata Cel 26 showed
much cleaner surface than the ones treated with C. subvermispora.
Hemp ﬁbers from different parts of the stem may have different
morphology, chemical composition and ligniﬁcation due to var-
ied ripeness. Consequently, ﬁbers from different parts of the stem
exhibit variations in mechanical performances. The differences
in chemical composition and structure of hemp ﬁbers will affect
depectinization efﬁciency of adapted microorganisms, resulting in
inhomogeneity (i.e. more scattered mechanical properties) during
controlled microbiological retting.
In the present study, morphological features, chemical com-
position and mechanical properties of hemp ﬁbers from different
sections of hemp stems were characterized. Subsequently, two
species of white rot fungi, P. radiata Cel 26 and C. subvermispora,
were incubated with ﬁbers from different stem sections (i.e. top,
middle, and bottom) under controlled conditions to evaluate the
effect of stem section on the performance of depectinization.
2. Materials and methods
2.1. Plant material
Hemp (Cannabis sativa L.), variety USO-31, was sown in France
(N 48.8526◦, E 3.0190◦(WGS84)) by hemp cultivation companies
(Planète Chanvre and Bafa Neu GmbH) (Liu et al., 2015). The hemp
plants were fertilized with 80kg/ha N, 45kg/ha K, and 45kg/ha P.
The monoecious hemp plants were harvested on Sep 6th 2013. On
the basis of the deﬁnition of the growth stages of hemp given by
Mediavilla et al. (1998), the growth stage of the hempplants at har-
vest corresponded to code 2204. Except for the hemp stem samples
to be used formicroscopy, the stemswere air-dried at 40 ◦Cwith an
air ﬂow of 150m3/(m2 gridh) (Maskinfabrikken Thisted, Denmark
Type 150). Three stem sections were deﬁned on one hemp stem:
bottom (one third above the base of the stem), top (one third under
the inﬂorescence base) and middle (between bottom and top sec-
tions). In general bastﬁberswereobtained fromthe individual stem
samples by manual peeling.
2.2. Chemical analysis of bast ﬁbers
Untreated bast ﬁber strips (deﬁned in Liu et al. (2015)) were
analyzed directly whereas ﬁber strips previously subjected to fun-
gal retting (see below)were dried at 50 ◦C for 12h prior to chemical
analysis. For analysis, bast ﬁbers were ground with a microﬁne
grinder (IKA, MF 10.1; IKA®-Werke GmbH) to a particle size of
1mm. Small ground samples of about 3 g were extracted in a
Soxhlet apparatus (Gerhardt EV6 ALL/16 No. 10-0012) for 5h using
a 300mL solution of toluene-ethanol-acetone (4:1:1 by volume)
(Sluiter et al., 2008; Özmen et al., 2013). For each sample, the
ﬁnal residue was dried again at 50 ◦C for 12h prior to further
analysis. Waxy substances in the extraction solution were concen-
trated by rotary evaporator and then dried at 50 ◦C overnight. Wax
content was therefore determined by the weight increase in the
corresponding boiling ﬂasks (Browning, 1967; Sluiter et al., 2008).
Chemical analysiswas done using two-step sulfuric acid hydrolysis
at 72% for 1h (30 ◦C) and subsequently at 4% (w/w) for 1h (121 ◦C),
according to the method of the US National Renewable Energy Lab-
oratory (Sluiter et al., 2011). After acid hydrolysis, the hydrolysate
was collected for monosaccharide analysis. Klason lignin content
was gravimetrically determined as the residue of the hydrolysis.
Monosaccharide analysis was performed by HPAEC-PAD anal-
ysis using an ICS-3000 system consisting of gradient pumps
(model DP-1), an electrochemical detector/chromatography mod-
ule (model DC-1) and an autosampler (Dionex Corp., Sunny-
vale, CA). Separation was achieved using a CarboPacTM PA20
(3mm×150mm) analytical column as described by Arnous and
Meyer (2008). Roughly, it is considered that arabinose, galactose,
galacturonic acid and rhamnose are speciﬁc to pectins, and glucose
belongs to the cellulose moiety. The concentration of polymeric
sugars was calculated from the concentration of the corresponding
monomeric sugars, using an anhydrous correction of 0.88 for arab-
inose, 0.89 for rhamnose, 0.90 for glucose and galactose, and 0.91
for galacturonic acid.
2.3. Microscopy and histochemical observations
Fresh transverse sections were cut from each hemp stem sec-
tion under a stereo microscope (Wild Heerbrugg M8, Wild Leitz,
Switzerland). Histochemical staining was performed on the trans-
verse hemp stem sections on glass slides followed by adding one
drop of 50% (v/v) glycerol in water. Cover slips were placed on
the stained sections, mounted in glycerol and examined immedi-
ately using a Leica DMLB light microscope (LM) with digital images
recorded using an Inﬁnity X-32 camera (DeltaPix, Denmark). Stain-
ing of pectins, syringyl lignin and guaiacyl lignin were performed
as described by Thygesen et al. (2005).
Due to the temporary nature of the staining reactions, all obser-
vations including digital image recording were performed within
10–15min of staining. Using the digital images obtained, a num-
ber ofmorphological featuresweremeasured using Image-Pro Plus
(Media Cybernetics Inc, USA) image analysis software, including:
thickness and area of epidermis, primary ﬁber layer (PFL), sec-
ondary ﬁber layer (SFL), and cambium layer, and thickness and area
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of ﬁber cells and lumen. Thus the PF- (i.e. ratio of PFL area to the
bast area), and SF fractions (i.e. ratio of SFL area to bast area) could
be determined.
Morphological features at hemp stem level were determined as
the average of 4 measurements from 10 transverse sections from
3 bast ﬁber strips of each sample, which in total represented 120
measurements. At the single ﬁber level, an average of 4 measure-
ments from 50 cells from 3 bast ﬁber strips of each sample of bast
ﬁbers were made, making a total of 600 measurements.
2.4. Fungal retting
Cultures of the white rot fungi P. radiata Cel 26 and C. sub-
vermispora were grown on hemp stems as described by Thygesen
et al. (2007). The fungi were stored and pre-cultivated on 2% (w/v)
malt agar plates at 20 ◦C. For inoculation, the mycelia grown on
one agar plate was homogenized into 100mL water. A solution of
1.5 g/L NH4NO3, 2.5 g/L KH2PO4, 2 g/L K2HPO4, 1 g/L MgSO4·7H2O
and2.5 g/Lglucosewasusedasgrowthmediumin the fungal retting
experiments. For each section, both the fungal retting and the cor-
responding control treatment (without incubation of fungi) were
performed in duplicate. The growth medium (190mL) and hemp
stem pieces from the bottom, middle and top sections of stems
(approx. 8 cm in length, 15g/ﬂask)were sterilized in1 LErlenmeyer
ﬂasks at 121 ◦C for 60min. After cooling to ambient temperature,
the mycelium suspension (25mL) was added aseptically and the
fungal retting experiments conducted at 28 ◦C for 14 days. Follow-
ing fungal retting, the hemp stem pieces were washed in water
to remove epidermal and fungal material from the stem surfaces
and to separate the ﬁbers from the woody cores of the stems. The
resulting ﬁbers were then dried at 50 ◦C for 24h. In the meantime,
a control group (without cultivation with fungi) was performed
under the same condition.
After biological retting, the weight loss of a monosaccharide is
deﬁned in the following equation
Weight loss = m0w0 − mw
m0w0
× 100% (1)
where m0 and m are dry mass of bast ﬁbers (g), and w0 and w
are relative amounts (given as mass fraction, g/100g dry matter)
of investigated monomeric sugars for bast ﬁbers in control group
and test group, respectively. The mean value for weight loss of the
anhydrous monosaccharide was calculated from Eq. (1) by use of
the mean value for m0, m, w0 and w. For the uncertainty calcula-
tion, the error propagation from these parameters was considered.
Finally, a coverage factor of 1.96wasused to calculate the expanded
uncertainty to give a level of conﬁdence of approximately 95%. The
depectinization selectivity value is deﬁned as the ratio of pectin
degradation to cellulose degradation in the following equation:
Depectinization selectivity
=
(
(m0 × w0(Pectin) − m × w(Pectin))/m0 × w0(Pectin)
)
× 100
(
(m0 × w0(Cellulose) − m × w(Cellulose))/m0 × w0(Cellulose)
)
× 100
(2)
where w0(pectin) and w(pectin) are relative amount of pectins for
ﬁbers and w0(cellulose) and w(cellulose) are relative amount of
cellulose for ﬁbers in control group and test group, respectively.
The applied deﬁnitions of pectin and cellulose are included in
Section 2.2.
2.5. Tensile strength test of bast ﬁbers
The bast ﬁber strips (80mm long×1mm wide) were peeled
manually from the dried hemp stems followed by minor
modiﬁcations of the strips with a razor blade to obtain a constant
width along the entire length using a stereo microscope (Liu et al.,
2015). The weight range of those bast ﬁber strips was between 5
and 20mg and tensile tests were carried out on 20 specimens for
each stem section.
The test specimens for tensile strength tests were made by
gluing tabs on each ﬁber end using epoxy (DP 100) resin with a
gauge length of 10mm using a custom-made holder. After cur-
ing at 20 ◦C for 24h, the ﬁxed samples were removed from the
holder. All samples were tested with an Instron Testing Machine
2710-203 equipped with a 1000N load cell, at a tensile speed of
0.5mm/min, at 25 ◦C and 50% humidity. The cross-sectional area
(A) of test samples was determined by the following equation:
A = m
( × l) (3)
where m, , and l represent weight, density, and length of the test
sample, respectively. The density of the bast ﬁber stripswas chosen
as  =1.50g/cm3 (Satlow et al., 1994). The ultimate tensile strength
(UTS) of the bast ﬁber stripswas deﬁned as the ratio of failure stress
and cross-sectional area (A). After obtaining mechanical properties
(e.g. UTS, strain and elongation) for bast ﬁber strips from all inves-
tigated stem sections (e.g. top,middle and bottom), themechanical
properties at whole hemp stem level was calculated by the follow-
ing equation:
XW = wT XT + wMXM + wBXB (4)
where XW, XT, XM and XB are mechanical property (e.g. strength,
strain and stiffness) of ﬁbers at whole stem level and at top, middle
andbottomstemsection, respectively.wT,wM andwB are the corre-
sponding weight fractions of untreated hemp ﬁbers at top, middle
and bottom, respectively (Table 1: Fiber yield). Mean value calcula-
tion forXw canbedone fromEq. (4)byuseof themeanvalue for each
parameter. For the uncertainty calculation, the error propagation
from XT, XM and XB was considered. Finally, the expanded uncer-
tainty was calculated at a level of conﬁdence of approximately 95%
by use of a coverage factor of 1.96.
2.6. Statistical analysis
Analysis of variance (ANOVA) for thedifferent stemsectionswas
performed on each direct measurement. For each measurement
of morphological features, chemical composition and mechanical
properties, the stem section effect was tested at a signiﬁcance level
of 5% (Minitab 16). Differences between each stem section were
evaluated using the Tukey multiple comparison test at a 5% signif-
icance level.
3. Results and discussion
3.1. Microscopic view of hemp stem in different sections
Transverse sections illustrating the cellular structure of hemp
ﬁbers fromdifferent stem sections are shown in Fig. 1 andmorpho-
logical features at stem- and single ﬁber level in Table 1 and Fig. 2,
respectively. Overall, the plant stems were 188±43 cm tall and
organized in layers from xylem towards the surface by 10–50m
cambium, 100–200m cortex (including both primary ﬁber and
secondary ﬁber), and 20–100m epidermis. Great variations in
the morphological characteristics at bast ﬁber- and individual ﬁber
level were apparent.
At the stem level, there was a signiﬁcant decrease (P<0.001) in
stem diameter from 9 to 4mm from the bottom towards the top of
the stem, and a remarkably thinner cortex layer (indicated by sum
of thickness of the PFL and SFL) observed in the top stem section,
while the bottom and themiddle stem sections exhibit comparable
cortex layer thickness of 180m (Table 1 and Fig. 1). However,
95
M.  Liu et al. / Industrial Crops and Products 76 (2015) 880–891 883
Fig. 1. Light micrographs of transverse sections from different hemp stem sections: (A) bottom; (B) middle; (C) top (the scale bar denotes 50 m). E—epidermis; PF—primary
ﬁber; X—xylem; PC—parenchyma cell; SF—secondary ﬁber; C—cambium; L—lumen.
Table 1
Morphological features of hemp stems at different sections.
Sample Stem diameter
(mm)
Fiber yield1 (%) Bast content2
(%)
Xylem content
(%)
EL3 thickness
(m)
PFL3 thickness
(m)
SFL3 thickness
(m)
PF fraction4 (%)
Bottom 8.6a (0.9) 40a (1) 37b (1) 63a (1) 52b (21) 119b (10) 54a (4) 45 (6)
Middle  6.5b (0.8) 36b (0) 45a (0) 55b (0) 82a (20) 188a (29) 5b (1) 53 (6)
Top  3.9c (0.4) 24c (1) 44a (1) 56b (1) 72ab (16) 126b (20) 0b (0) 49 (8)
P  value <0.001 <0.001 <0.001 <0.001 <0.05 <0.001 <0.001 ns.3
1 Fiber yield was  deﬁned as the ratio between the ﬁber content from one section to the ﬁber content from the whole stem.
2 Bast content was  deﬁned as the ratio between the weight of ﬁbers and the weight of the corresponding stems.
3 EL: Epidermis layer; PFL: Primary ﬁber layer; SFL; Secondary ﬁber layer; ns: non-signiﬁcant.
4 PF fraction was  deﬁned as the ratio of the primary ﬁber layer and the sum area of layers of epidermis, primary ﬁbers, secondary ﬁbers and cambium.
especially the bottom section had a much thicker secondary ﬁber
layer of 54 m.  As a result, the ﬁber yield decreased signiﬁcantly
(P < 0.001) from the bottom (40%), to the middle (36%), and to the
top (24%) of the stems (Table 1). In contrast, hemp ﬁbers from the
middle and top sections exhibited signiﬁcantly higher (P < 0.001)
bast content (44–45%) than those from the bottom section (i.e. 37%).
The lower bast content at the bottom section is presumably due to
a thicker xylem layer (indicated by high xylem content of 63%).
At  single ﬁber level, there was a decrease from stem bottom
towards top in cell wall thickness from 11 to 6 m,  cell area from
1500 to 330 m2, and lumen area from 170 to 40 m2 (Fig. 2). The
porosity (lumen, %) was found to be independent on stem section
with a content of 8% (Fig. 2). Secondary ﬁbers were most abun-
dant in the bottom section of the hemp stems, but could also be
observed in the middle section. In general, the values for morpho-
logical features of secondary ﬁbers regarding cell wall thickness,
cell wall area and porosity were much lower than the values for
the primary ﬁbers (Figs. 1 and 2).
Correlation between stem diameter (or cross sectional area of
stem) and cell area, primary ﬁber layer thickness, and secondary
ﬁber layer thickness were assessed in Fig. 3. For the whole stem, PFL
thickness was found to be independent of the stem section (Fig. 3A).
In contrast, secondary ﬁber layer thickness in the bottom sections
of hemp stem, exhibited a tendency towards a positive correlation
with stem section diameter (slope was not signiﬁcantly different
from 0; P = 0.09 > 0.05, Fig 3A). In addition, the primary ﬁber cell area
(including cell wall area and lumen area) increased linearly versus
the stem sections cross sectional area (Fig. 3B). The data indicated
that after the late part of the ﬂowering growth stage, when pri-
mary ﬁbers from different stem sections have reached their highest
maturity (Amaducci et al., 2008), secondary ﬁbers start to develop
and their proportion increased with stem diameter at the bottom
section.
Recently, the tensile strength of natural ﬁbers was found to
decrease as their diameter increased and this dependence is
attributed to both the number of ﬁber defects (i.e. kinks or dis-
locations) and the ﬁber conﬁguration in tested specimens (Fan,
2010). The formation of secondary ﬁbers in hemp stems was  found
to decrease ﬁber quality (Mediavilla et al., 2001). Based on previous
studies  on hemp, it is reasonable to assume that both larger ﬁber
diameter (indicated by cell wall area and lumen area in Fig. 2) and a
higher proportion of secondary ﬁbers in the bottom section (Fig. 1)
contributes to rendering ﬁbers inferior (i.e. lower tensile strength).
3.2. Chemical composition of untreated hemp ﬁbers and
histochemical staining
3.2.1.  Chemical composition
The  chemical components of the bast ﬁbers from different stem
sections are shown in Table 2. Notably, ﬁbers from top of stem
have the lowest cellulose content (indicated by a glucose content
of 55%), while these from the bottom and middle sections exhibit a
statistically higher cellulose content of 61% and 62%, respectively.
However, the difference between ﬁbers from the middle and top
stem sections was  not signiﬁcant (P > 0.05). Furthermore, the lignin
content decreased signiﬁcantly from 4.8 to 3.6% from bottom to the
top section (P < 0.01) and wax content decreased signiﬁcantly from
3.3 to 2.4% (P < 0.05). The variation in lignin content is in agree-
ment with Crônier et al. (2005), who reported that hemp ﬁbers
from bottom have a higher lignin content of 4.0–4.5% than the ones
from the top stems with 3.0–3.5%. On the other hand, a highly
signiﬁcant (P < 0.01) increase in pectin deposition indicated by a
signiﬁcant increase in galacturonic acid (GalA), rhamnose (Rha),
galactose (Gal) and arabinose (Ara) contents from bottom to top
section was noted.
The  higher lignin content of ﬁbers in the bottom section may be
due to the higher proportion of secondary ﬁbers (Fig. 1A) and that
it reaches the highest ripeness compared with the two  other sec-
tions (Amaducci et al., 2008). Compared to ﬂax ﬁbers, which were
reported to contain 2.0–2.5% of Klason lignin from bottom to top
stem section (Charlet et al., 2007), hemp ﬁbers contain more lignin
(Table 2), which is unfavorable for ﬁber extraction. Overall, the vari-
ation in the carbohydrate components with stem section is related
to the ripeness of the hemp ﬁbers and formation of secondary ﬁbers
in the bottom section.
It  has been reported that the accumulation of wax on the cuti-
cle forms a protective barrier against entry of infection agents into
the plant (Foulk et al., 2001). The presence of wax  on the cuticle
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Fig. 2. Box plots of morphological feature data of hemp ﬁbers from bottom, middle and top sections analyzed from microscopy recordings of transverse sections of ﬁbers.
(For  the secondary ﬁbers, reliable data was only obtained at the bottom sections).
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Fig. 3. Correlation between diameter of hemp stem sections and ﬁber layer thickness (A) and ﬁber cell area (B) from corresponding stem section.
Table 2
Anhydrous monosaccharides and lignin contents of hemp ﬁbers from different stem sections.
Pretreatment1 Stem
section
Amount (g/100 g dry matter)
Glu GalA Rha Gal Ara Man  Xyl Fuc Lignin Wax
Untreated Bot 61.3aGH (0.4) 6.3bBCD (0.3) 0.9b (0) 1.8b (0.1) 1.1b (0.1) 3.0ab (0.3) 1.1b (0.1) 0.6 (0.1) 4.8a (0.5) 3.3a (0.2)
Mid  62.1aFG (3.9) 7.3bB (0.5) 1.0ab (0.2) 2.0b (0.2) 1.1b (0.2) 3.4a (0.4) 1.4a (0.1) 0.5 (0) 4.4ab (0.1) 2.9ab (0.1)
Top  54.8bH (2.6) 9.0aA (0.6) 1.2a (0) 2.6a (0.2) 1.8a (0.2) 2.5b (0.2) 1.0b (0) 0.5 (0) 3.6b (0.3) 2.4b (0.1)
Control Bot 68.1abDEF (2.8) 5.1bD (0.6) 0.9b (0.2) 1.8b (0.3) 1.0b (0.2) 3.5 (0.6) 1.3 (0.2) 0.5 (0) 5.3a (0.2) /
Mid  69.5aCDE (2.7) 5.4abCD (0.7) 1.0ab (0.2) 2.0b (0.3) 1.0b (0.4) 3.4 (0.3) 1.5 (0.2) 0.5 (0.1) 4.9ab (0.3) /
Top  65.3bEFG (2.8) 6.5aBC (1.3) 1.3a (0.2) 2.7a (0.3) 1.6a (0.3) 3.5 (0.3) 1.5 (0.3) 0.4 (0.1) 4.6b (0.3) /
Pr-treated Bot 76.5bAB (2.8) 1.7bF (0.2) 0.5 (0) 1.5b (0) 0.4b (0) 4.4 (0.4) 0.9b (0.2) 0.5 (0.1) 5.9a (0.2) /
Mid  80.5aA (2.8) 1.7bF (0.2) 0.5 (0.1) 1.6b (0.2) 0.4ab (0.1) 4.1 (0.3) 1.0b (0.1) 0.6 (0.1) 5.1b (0.2) /
Top  74.1bBC (2.4) 2.0aEF (0.2) 0.6 (0.1) 1.9a (0.1) 0.6b (0.1) 4.3 (0.9) 1.3a (0.2) 0.6 (0.1) 4.5c (0.2) /
Cs-treated Bot 70.9CD (2.4) 3.0aE (0.2) 0.8b (0) 1.6b (0.1) 0.8 (0.2) 3.8 (0.7) 1.1 (0.2) 0.5 (0.1) 6.0a (0.1) /
Mid  72.4BCD (2.8) 2.8abE (0.2) 0.9a (0) 1.9a (0.1) 0.7 (0.1) 3.8 (0.2) 1.0 (0.2) 0.5 (0.1) 5.6b (0.1) /
Top  70.7CD (2.4) 2.7bEF (0.1) 0.8a (0) 2.1a (0) 0.7 (0.2) 4.2 (0.4) 1.1 (0.3) 0.5 (0.1) 5.0c (0.1) /
1 For one pretreatment, values for the same monosaccharide with different lowercase are signiﬁcantly different at a conﬁdence of 5%. In addition, values in the whole
column for the same monosaccharide with different capital letters are signiﬁcantly different at a conﬁdence of 5%. (Glu-glucose, GalA-galacturonic acid, Rha-rhamnose,
Gal-galactose, Ara-arabinose, Man-mannose, Xyl-xylose, Fuc-fucose, Lignin: Klason lignin, Pr-treated: samples treated with P. radiata Cel 26, Cs-treated: samples treated with
C.  subvermispora).
can also be a barrier for the retting process and thereby reduce its
efﬁciency. Furthermore, the presence of wax affects downstream
processes such as bleaching and dying (Kernaghan and Kiekens,
1992). Additionally, the high lignin concentration in the middle
lamellae between individual ﬁbers in the hemp bast was  found
to be an effective barrier to enzymatic retting (Morrison et al.,
1999). Therefore, a higher content of waxy substances and lignin
can inhibit depectinization of hemp stems with microorganisms
during the retting process.
3.2.2.  Histochemical analysis of transverse stem sections
Histochemical analysis was performed to visualize the spa-
tial micro-distribution of pectin and lignin in hemp cells. Pectin
consists of non-cellulosic acidic polysaccharides that are found
mainly in the compound middle lamella (CML) regions of plant cell
walls (e.g. ﬁbers and parenchyma) with much lower amounts in
secondary walls. Ruthenium red, which binds selectively to the
intramolecular spaces of the carboxyl groups of pectin giving a
red/pink color, has been widely used for visualizing pectin distri-
butions in plant structures (Hou et al., 1999; Waller et al., 2004).
Ruthenium red staining of transverse sections from hemp stems
highlighted the presence of pectin as a red/pink color throughout
cross sections (from Fig. 4A–C) irrespective of stem section ori-
gin. Greatest staining intensity was observed in the CML  regions
between all cell types (i.e. ﬁber–ﬁber cells, ﬁber–parenchyma cells
and  parenchyma–parenchyma cells) indicating the presence of
pectin at high concentrations. There was a clear difference in the
staining intensity among the investigated stem sections, especially
in the CML  regions between all cell types, with an increase in stain-
ing from the bottom to the top of the stems, consistent with the
chemical composition of ﬁbers from the different stem sections
(Table 2).
The  spatial micro-distribution of lignin within hemp cell walls
in different stem sections was determined using Mäule- (Fig. 4D–F)
and Wiesner reactions (Fig. 4G–I). The Mäule reagent reacts with
lignin, giving a deep red color with syringyl lignin and yel-
low/orange color with guaiacyl lignin. The Wiesner reagent stains
lignin deep red due to a reaction with the guaiacyl units in lignin.
Though the whole xylem cell walls were stained an intense red
color with Mäule reagent irrespective of the stem section, differ-
ences in staining were observed in the bast ﬁber region with respect
to cell type and stem section (Fig. 4D–F). Similar results were also
observed after staining with the Wiesner reagent (Fig. 4G–I). Both
reagents stained the CML  between ﬁber cells and the outermost lay-
ers of the secondary walls more strongly than the inner parts of the
cells, where only faint staining was detected. The staining results
indicate that lignin is primarily concentrated in the CML  region
between primary ﬁber cells, with much lower lignin contents in
the secondary walls and regions between primary ﬁber cells and
parenchyma cells. The staining results are consistent with the
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Fig. 4. Micrographs showing transverse sections of hemp stems from different stem sections after staining for pectin (A–C), syringyl lignin (D–F) and guaiacyl lignin (G–I)
(ML—middle lamella; PC—parenchyma cell; SW—secondary wall). (A)–(C): positive reaction for pectin in the bottom (A), middle (B) and top (C) sections; (D)–(F): positive
reaction for syringyl units in lignin from bottom (D), middle (E) and top (F) sections; (G)–(I): positive reaction for guaiacyl units in lignin from the bottom (G), middle (H)
and  top (I) sections.
classiﬁcation of hemp as an Angiosperm, which are known to con-
tain guaiacyl, p-hydroxyphenyl and syringyl lignin units (Gutiérrez
et al., 2006).
The  bast ﬁbers from the different stem sections (i.e. top, mid-
dle and bottom) stained differently. Positive staining in both the
primary- and secondary ﬁbers along the entire stem was  apparent
(Fig. 4D–I), particularly with the outermost primary ﬁbers (close to
epidermis in Fig. 4D and G). From the top to the bottom stem sec-
tion, the increase in staining intensity in the CML  regions (between
ﬁber cells and the outmost parts of secondary walls) presumably
reﬂects the continuous deposition of lignin in hemp ﬁbers where
the ﬁbers reach the highest maturity earlier (Amaducci et al., 2008;
Crônier et al., 2005), thus correlating with the chemical composi-
tion data in Table 2.
3.3.  Mechanical properties of hemp ﬁbers from different stem
sections
The  typical stress–strain curves for all tested bast ﬁber strips and
graphs with 10 representative stress–strain curves for each stem
section are shown in Fig. 5a and Fig. 5b, respectively. The shape of
the stress–strain curve was found to vary greatly between different
bast ﬁber strips, even for those from the same hemp stem sections.
As shown in Fig. 5a, two types of stress–strain curves for untreated
hemp bast ﬁber were observed. One (type I) is linear elastic: the
stress–strain curve is a straight line. The other (type II) is observed
to include some plastic ﬂow as indicated by the slightly bending
progress curve.
The  two types of stress–strain curves have been observed on sin-
gle hemp ﬁbers by Pickering et al. (2007) and Duval et al. (2011). For
untreated hemp bast ﬁber, more than 90% tested samples demon-
strated plastic ﬂow behavior, as illustrated in Fig. 5b, and the rest
(less than 10%) showed type I behavior. No apparent difference in
tensile behavior of hemp bast ﬁbers among top, middle and bottom
stem sections was noticed.
The  mean values and standard deviations of the mechanical
properties of the hemp ﬁbers including ultimate tensile strength
(UTS), strain, and stiffness are presented in Fig. 6. The mechani-
cal testing results indicate that the mechanical properties of hemp
ﬁbers were strongly inﬂuenced by stem section with respect to
UTS and stiffness. Fibers from the middle section exhibited the
best mechanical performance with the highest UTS and strain
of 842 MPa  and 5.7%, respectively, and a moderate stiffness of
28.8 GPa. Fibers from the top section showed moderate mechanical
properties with UTS of 809 MPa, strain of 4.7%, and the highest stiff-
ness of 31.5 GPa. However, ﬁbers from the bottom section had the
most inferior properties with the lowest UTS, strain, and stiffness of
686 MPa, 4.7% and 26.4 GPa, respectively. Furthermore, no notice-
able differences in strain of these ﬁbers were observed (P > 0.05).
The variation in mechanical properties of ﬁbers with stem sec-
tion can be explained by the differences in the morphological
features (Figs. 1 and 2) and composition (Table 2). The diameter
of hemp ﬁbers (indicated by the area of ﬁber cell wall and lumen
in Fig. 2) was  found to vary markedly among top, middle and bot-
tom stem sections, which can make mechanical properties of the
ﬁbers more scattered (Duval et al., 2011). In addition, a noticeable
secondary ﬁber layer was  present in the bottom section which has
been found to reduce favorable mechanical properties. The slightly
lower UTS of ﬁbers from the top section might be due to the lower
cellulose content (Table 2).
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Fig. 5. The two  observed stress–strain curve types I: linear elastic ﬂow; II: plastic ﬂow (a) and examples of stress–strain curves for untreated hemp bast ﬁber strips at bottom,
middle and top stem sections (b).
3.4. Effect of stem section on depectinization by fungal retting
The  effects of fungal retting on the chemical components of
ﬁbers from different stem sections are shown in Table 2. Sur-
prisingly, a signiﬁcant decrease in pectin content (indicated by
GalA) happened to ﬁbers in control group due to the removal of
contamination on ﬁber surface and dissolution of water-soluble
components during sterilizing (121 ◦C for 60 min) and 2-week incu-
bation (about 14% dry matter weight loss in total). As a result,
cellulose content (indicated by glucose content) was  increased
by about 10% (Table 2). For fungally treated samples, a signiﬁ-
cant (P < 0.05) amount of pectins (indicated by GalA and Ara) were
degraded by cultivation with the fungi over 14 days. However, those
cultivated with P. radiata Cel 26 exhibited much lower ﬁnal levels
of pectins than those incubated with C. subvermispora. This may  be
due to the high efﬁciency of P. radiata Cel 26 in degrading pectin,
which is consistent with previous studies (Thygesen et al., 2013).
Furthermore, cellulose content (indicated by glucose content) was
concentrated to a signiﬁcantly higher level for ﬁbers after incuba-
tion with P. radiata Cel 26, particularly for ﬁbers from the middle
section, which increased from 70 to 81%. The cellulose content in
the ﬁbers treated with C. subvermispora increased to only 72%.
The  effect of stem section on the performance of fungal retting
on depectinization was evaluated by weight loss of cellulose (indi-
cated by glucose), pectins (indicated by GalA, Rha, Gal, and Ara),
and lignin (Klason lignin) after cultivation for 14 days, as shown
in Table 3. For the characterization of the performance of fungi
in depectinization, the depectinization selectivity was  deﬁned as
the ratio between loss of pectins (%) and cellulose (%). According
to the deﬁnition of depectinization selectivity, a higher selectivity
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Fig. 6. Ultimate tensile strength (UTS), strain and stiffness of untreated hemp ﬁbers from bottom (Bot), middle (Mid) and top (Top) stem sections. Values with different
letters within a group are signiﬁcantly different at P = 0.05.
Table 3
Component losses, ﬁber yield and depectinization selectivity at different sections after cultivation with white rot fungi for 14 days (Control group was used as baseline for
the  calculation of component losses and ﬁber yield).
Fungal retting Stem section Selectivity value Yield % Weight loss (%)1,2
Glu GalA Rha Gal Ara Lignin
P. radiata Cel 26 Bottom 36.1 88 (5) 2 (11) 71 (5) 51 (4) 26 (9) 64 (9) 3 (8)
Middle 18.1 83 (2) 4 (10) 74 (6) 57 (9) 33 (12) 63 (25) 14 (8)
Top 10.0 82 (4) 7 (9) 75 (5) 60 (13) 40 (11) 69 (11) 19 (8)
C.  subvermispora Bottom 8.2 92 (1) 4 (9) 46 (8) 20 (3) 15 (14) 30 (22) −4 (−3)
Middle 3.2 83 (1) 14 (9) 57 (9) 31 (15) 19 (11) 46 (24) 7 (7)
Top 3.1 74 (5) 20 (9) 69 (4) 50 (5) 42 (8) 70 (10) 18 (9)
1 Glu: glucose, GalA: galacturonic acid, Gal: galctose, Ara: arabinose, Lignin: Klason lignin.
2 Weight losses are shown as mean value ± uncertainty at a conﬁdence of 95%, selectivity as mean values and yield as mean value ± standard deviation.
reﬂects improved preferential depectinization. In contrast, a lower
selectivity indicates higher cellulose degradation.
It is noted that for both fungi, weight loss of cellulose, pectin and
lignin increased from the bottom section of stem to the top section.
However, the selectivity value for P. radiata Cel 26 decreased greatly
from the bottom (36.1), to the middle (18.1) and to the top (10.0).
In contrast, the apparent decrease in selectivity for C. subvermis-
pora from the bottom (8.2), to the middle (3.2), and to the top (3.1)
was about 3 times lower. The high depectinization selectivity for P.
radiata Cel 26 was presumably due to its limited ability to degrade
cellulose. For both fungi, the decrease in depectinization selectivity
from the bottom to the top section was presumably due to varia-
tions in thickness of the bast ﬁber layer and chemical composition
(particularly of lignin) with the stem section.
The thinner bast ﬁber layer, lower amount of waxy substances
and lignin in ﬁbers in the top section, may  allow easier entry of
microbes and their secreted enzymes and thus easier depectiniza-
tion. Therefore weight loss of pectins (indicated by GalA, Rha, Gal
and Ara in Table 3) increased from bottom to the top resulting in
decreased ﬁber yield. As depectinization proceeds, most pectins
surrounding  the CML  regions between the cell types (i.e. ﬁber cells
and parenchyma cells) will be degraded and cellulose loss will
increase (Table 3) as the accessibility of cellulose for fungi (or their
enzymes) increases resulting in much lower ﬁber yield at top sec-
tion after biological retting (indicated by much lower ﬁber yield
of 74% at top section after retting with C. subvermispora compared
with P. radiata Cel 26, shown in Table 3). As a result, for both fungi,
the selectivity in the top section was  lowest.
Differences in chemical composition of the untreated bast ﬁbers
from different stem sections, especially lignin, were found to inﬂu-
ence the performance of depectinization by P. radiata Cel 26 and
C. subvermispora with respect to selectivity and efﬁciency. The
crucial role of lignin in lowering the accessibility of the compo-
nents of ﬁber cell walls to fungi during the depectinization process
was demonstrated. Generally, a higher lignin content of untreated
ﬁbers resulted in a higher efﬁciency of depectinization and lower
cellulose degradation (Fig. 7). Thus, the efﬁciency of depectiniza-
tion could be further improved by considering the differences
in composition (e.g. lignin content) and structure of original
materials.
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Fig. 7. Effect of lignin content of ﬁbers on weight loss of cellulose caused by white rot fungi and their selectivity in depectinization.
Table 4
Mechanical properties of the investigated hemp ﬁbers.
Parameter Treatment Stem section F value1 Estimated for whole hemp stem
Bottom2 Middle2 Top2
UTS (MPa) Untreated 686b (126) 842a (195) 809ab (228) 3.83* 771 (204)
Control  792 (146) 801 (151) 749 (172) 0.63 785 (180)
Pr-treated3 770 (169) 743 (159) 671 (197) 1.72 736 (201)
Cs-treated3 644a (171) 574ab (250) 456b (155) 4.71* 573 (237)
Strain  (%) Untreated 4.66 (1.31) 5.70 (1.60) 4.71 (1.87) 2.70 5.04 (1.80)
Control  2.97 (1.21) 2.70 (0.80) 2.60 (1.09) 0.56 2.78 (1.24)
Pr-treated3 2.19 (0.72) 2.28 (0.91) 2.43 (0.87) 0.43 2.32 (0.97)
Cs-treated3 2.22a (0.54) 1.71b (0.82) 1.50b (0.48) 6.96** 1.86 (0.76)
Stiffness  (GPa) Untreated 26.4b (5.9) 28.8ab (6.1) 31.5a (4.0) 4.57* 28.5 (6.7)
Control  33.7 (7.2) 32.1 (9.7) 30.6 (6.5) 0.82 32.4 (9.5)
Pr-treated3 42.4ab (6.8) 45.7a (10.3) 37.2b (7.0) 5.57** 42.3 (9.8)
Cs-treated3 34.5b (5.1) 45.3a (11.6) 39.4ab (8.0) 7.92*** 39.5 (10.0)
1 F value for stem section affect at P < 0.05*, P < 0.01**, and P < 0.001***.
2 Values with different letters in the row are signiﬁcantly different at P = 0.05 (F0.05(2, 57) = 3.16, F0.01(2, 57) = 5.00, F0.001(2, 57) = 7.82).
3 Pr-treated: samples retted with P. radiata Cel 26, Cs-treated: samples retted with C. subvermispora.
3.5. Effect of stem section on mechanical properties of fungally
treated  hemp ﬁbers
Table  4 presents the mechanical properties of the bast ﬁbers
from different stem sections pretreated with P. radiata Cel 26 and
C. subvermispora over 14 days, including UTS, strain and stiffness. It
has been noticed that UTS of ﬁbers from bottom section in control
group increased from 686 ± 126 MPa  to 792 ± 146 MPa  compared
to untreated hemp ﬁbers, but strain of ﬁbers from all investigated
sections decreased signiﬁcantly (Table 4). The increase in UTS can
be explained by the separation of secondary ﬁbers after steam ster-
ilization (at 121 ◦C for 60 min) and cultivation for 2 weeks, and
the signiﬁcant decrease in strain may  be due to the dissolution
of water-soluble (i.e. non-cellulosic) components during steriliz-
ing and incubation in culture indicated by the concentrated glucose
content (Table 2). Moreover, compared to ﬁbers in control group,
the decrease in strain and increase in stiffness of pretreated ﬁbers
may be related to the degradation of non-cellulosic components
during fungal retting.
Furthermore, it was found that ﬁbers pretreated with C. sub-
vermispora exhibit lower strength, strain and stiffness than ﬁbers
from the same stem section treated with P. radiata Cel 26. Notably,
all the investigated ﬁbers pretreated with P. radiata Cel 26, had
comparable strengths (736 ± 201 MPa  estimated for whole stem,
F = 1.72 < F0.05 (2, 57)) and strains (2.32 ± 0.97% estimated for
whole stem, F = 0.43 < F0.05 (2, 57)), though a signiﬁcant difference
(P  < 0.01) in stiffness was observed (Table 4). However, ﬁbers pre-
treated with C. subvermispora showed signiﬁcant difference for all
investigated parameters (i.e. UTS, strain, and stiffness) for the dif-
ferent sections at P = 0.05 (Table 4), and the F value for the effect of
stem section on UTS, strain, and elongation was 4.71, 6.96 and 7.92
(F0.05(2, 57) = 3.16, F0.01(2, 57) = 5.00, F0.001(2, 57) = 7.82), respec-
tively. In addition, compared to ﬁber treated with P. radiata Cel 26,
much lower strength of 573 MPa  (estimated for whole hemp stem
shown in Table 4), strain of 1.86% and stiffness of 39.5 GPa were
obtained. According to this, it can be concluded that ﬁbers pre-
treated with C. subvermispora caused the mechanical properties of
ﬁbers to be more scattered than P. radiata Cel 26.
By comparing the UTS of ﬁbers pretreated with P. radiata Cel 26
and C. subvermispora to control group, an increase in reduction of
UTS from bottom to top stem section for both fungi was observed
(Fig. 8). The results suggested that the ﬁbers responded differently
to fungal retting with either P. radiata Cel 26 or C. subvermispora
causing a variable change in mechanical properties (e.g. UTS in
Fig. 8). As a result, the mechanical properties of ﬁbers from different
stem sections became more scattered, particularly for ﬁbers treated
with C. subvermispora (shown in Table 4). The strong dependence
of responses of ﬁbers to fungal retting with respect to mechanical
properties on stem section was consistent with the stem section
dependence of fungal selectivity of depectinization (Table 3). A high
fungal selectivity of depectinization (e.g. at bottom section) result-
ing in less cellulose loss caused UTS of ﬁbers to decrease slightly
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Fig. 8. Ultimate tensile strength of hemp ﬁbers from the bottom, middle and top
stem sections pretreated with P. radiata Cel 26 and C. subvermispora for 14 days. (Line
1: trend line showing changes in tensile strength for ﬁbers treated with P. radiata
Cel  26 if same decrease happened to middle and top sections as bottom section; Line
2: similar trend line showing changes for ﬁbers treated with C. subvermispora).
(Fig. 8 for bottom stem section). In contrast, a lower fungal selec-
tivity (e.g. at top section) resulting in a higher amount of cellulose
loss (Table 4) consequently caused UTS of ﬁbers to be reduced a lot
(Fig. 8 for top stem section).
Previously,  Duval et al. (2011) found that stem section inﬂu-
ences the mechanical properties of hemp ﬁbers. However, they
concluded that as only low variations in the mechanical proper-
ties were observed, differentiation between stem sections is not
necessary and the whole stem can be used for ﬁber extraction
for manufacturing composites without restriction. Indeed, in this
study, a dependence of mechanical properties of untreated ﬁbers
on stem section was conﬁrmed (Fig. 6). Differences in mechani-
cal properties of untreated ﬁbers from different stem sections can
be ascribed to the differences in the morphological features (e.g.
transverse area of ﬁber cell, proportion of secondary ﬁbers) and
chemical compositions (e.g. cellulose) of the untreated hemp ﬁbers.
However, according to the present study, the effect of the differ-
ences in original materials, particularly in lignin content (Table 2),
on biological deﬁbration process should be considered in order to
produce high grade ﬁbers with high strength and low variation in
mechanical properties.
4.  Conclusions
Hemp stem section origin not only affects the mechanical prop-
erties of untreated ﬁbers, but also the selectivity of depectinization.
Autoclave treatment did cause some dissolution of pectin (indi-
cated by galacturonic acid loss) and apparently removed secondary
ﬁbers to increase the tensile strength of ﬁbers from bottom
stem. Consequently, variation in the selectivity of depectinization
changed the mechanical performance of ﬁbers from different stem
sections. Therefore, selection of ﬁbers with fewer variations in
mechanical properties should consider the inﬂuence of the differ-
ences in original materials on subsequent processes rather than
only focus on the existing differences of the starting materials. Fur-
ther insight into the biocatalytic mechanisms underlying the fungal
retting selectivity may  further improve treatment efﬁciency and
mechanical properties of treated ﬁbers.
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Abstract  17 
The effects of field retting versus fungal retting using Phlebia radiata Cel 26 (a mutant low in 18 
cellulose degrading ability) as hemp fibre treatment on chemical composition, mechanical properties 19 
of fibres and fibre/epoxy composites were studied. By phylogenetic frequency mapping, Ascomycota 20 
phylum were observed during the first 1-2 weeks of classical field retting, and thereafter, different 21 
types of bacteria, notably different Proteobacteria proliferated in field retted fibres. Extracts from field 22 
retted fibres exhibited high glucanase activities, while extracts from P. radiata Cel 26 retted fibres 23 
showed high polygalacturonase, galactanase, xyloglucan (XG)-specific endoglucanase and laccase 24 
activities. As a result, fungal retting gave a significantly higher glucan content in the fibres than field 25 
retting (77% vs. 67%) and caused a higher removal of pectin from hemp fibres with a higher 26 
efficiency, as indicated by lower galacturonan content of fibres (1.6%) after fibres were retted for 3 27 
weeks with P. radiata Cel 26 compared to a galacturonan content of 3.6% for field retted fibres. Fibre 28 
stiffness and ultimate tensile strength (UTS) were retained after retting with P. radiata Cel 26, but 29 
decreased after field retting. As a consequence, composites with fungal retted fibres had higher 30 
stiffness and UTS than composites with field retted fibres.  31 
 32 
Keywords: Hemp fibre · Field retting · Phlebia radiata Cel 26 · Microbial community · Enzyme 33 
profiling · Composite strength 34 
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Introduction 36 
The use of cellulosic fibres in high grade composites has gained increased interest over the last 37 
decade (Faruk et al. 2012; Liu et al. 2016b). Plant fibres originating from hemp (Cannabis sativa L.) 38 
are considered a particularly promising renewable raw material for production of high quality 39 
reinforcement of composite materials due to their high stiffness and strength to weight ratio (Faruk et 40 
al. 2012).  41 
In order to isolate the cellulose-rich hemp fibres from the bast on the hemp stem surface, a retting 42 
process is needed. The retting process is used to separate the cellulosic fibres from the rest of the bast 43 
fibre material by degrading pectic substances located between the woody core (xylem) and the outer 44 
cortex layer, as well as in the middle lamella between fibres (Liu et al. 2015a). The main purpose of 45 
the retting is thus to degrade the pectins and other cementing compounds that bind the bast fibres and 46 
fibre bundles to other tissues and thereby separate the fibres (Liu et al. 2015a; Liu et al. 2015b). The 47 
removal of non-cellulosic components and separation of the cellulose fibers can improve interface 48 
bonding between fibers and matrix polymers and the mechanical properties of the fiber reinforced 49 
composites are therefore increased (Li et al. 2009; Liu et al. 2016a; Liu et al. 2016b). 50 
During classic field retting, hemp stems are cut and spread on the field, and are then subjected to 51 
spontaneous, uncontrolled microbial proliferation to attain enrichment and separation of the cellulose 52 
rich fibres (Liu et al. 2015a). The resulting mechanical properties may however be reduced due to 53 
cellulase activity secreted by the proliferation of the native microorganisms on the hemp stems (Liu et 54 
al. 2015a). This process has been studied and local microbial communities shown to include fungi 55 
such as Cladosporium sp. and Cryptococcus sp. as well as bacteria including Escherichia coli have 56 
been found (Brown and Sharma 1984; Ribeiro et al. 2015). The identity and characteristics of different 57 
microorganisms involved in field retting, and their different enzymes activity should be studied to 58 
acquire a better understanding of the influence of classic field retting on chemical composition and 59 
mechanical properties of fibres during the field retting. 60 
In order to avoid severe degradation of cellulose and reduction of fibre mechanical properties an 61 
alternative to field retting is the microbiologically controlled retting using selected fungi to degrade 62 
non-cellulosic components in the fibres (Thygesen et al. 2007; Liu et al. 2015b). Phlebia radiata Cel 63 
26, belonging to the Basidiomycota phylum, produces less cellulase enzymes compared to its wild 64 
type (Nyhlen and Nilsson 1987). Nevertheless, the determination of enzyme activity in the extracts of 65 
P. radiata Cel 26 retted hemp fibres can provide knowledge on how the retting process can be 66 
optimized to produce high quality fibres.  67 
The objective of this study was to compare the effect of field retting and P. radiata Cel 26 retting 68 
on mechanical properties of hemp fibre reinforced composites. It was hypothesized that higher 69 
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cellulase activities would be detected from enzyme extracts from field retted hemp fibres compared to 70 
P. radiata Cel 26 retted fibres and that any higher cellulase activity in field retted samples would 71 
correlate to decreased mechanical properties. As a result, it was expected that fibres with low 72 
mechanical properties should be obtained after field retting, while fibres with high mechanical 73 
properties and low pectin content would be obtained from P. radiata Cel 26 retting. Genetic 74 
identification and environmental scanning electron microscopy (ESEM) observation of bacteria and 75 
fungi was carried out during 3 weeks of retting to identify their abundance on hemp fibre surfaces. 76 
Enzymatic and microbial characteristics were linked to changes in chemical composition of fibres and 77 
mechanical properties of the fibres and fibre/epoxy composites.  78 
Materials and methods 79 
Raw materials and fibre treatments 80 
Hemp (Cannabis sativa L.), variety USO-31, was sown on May 5th 2013 (N 48.8526°, E 3.0190° 81 
(WGS84)) by Bafa Neu GmbH) and harvested on Sep 6th 2013 (Liu et al. 2015a). Field retting was 82 
conducted for 7, 14 and 20 days after harvest as previously reported (Liu et al. 2015a). After field 83 
retting treatment, hemp stem samples were stored frozen until Deoxyribonucleic acid (DNA) 84 
extraction, enzyme extraction and fixation. Fungal retting with the white rot fungus P. radiata Cel 26 85 
was carried out as previously reported (Liu et al. 2015b), In brief, hemp stem pieces were sterilized at 86 
121 °C for 1 h, and the retting with P. radiata Cel 26 was then conducted for 7, 14 and 20 days on 87 
hemp stem pieces in 1 L Erlenmeyer flasks (15 g per flask, approx. 15 cm in length) at 28 °C (P. 88 
radiata Cel 26 was obtained from the Swedish Agricultural University, Uppsala, Sweden) (Nyhlen 89 
and Nilsson 1987). After fungal retting treatment, hemp stem samples were stored frozen until protein 90 
extraction for enzyme activity assay.  91 
Fungal and bacterial classification by gene sequencing 92 
Hemp fibres were isolated manually from stems by removing xylem using a scalpel. Approximately 93 
50 mg of sample (2 mm2) placed into 2 mL Eppendorf tubes was extracted directly for obtaining 94 
genomic DNA using PowerBiofilm™ DNA Isolation Kit (MO-BIO, Carlsbad, USA) according to the 95 
manufacturer’s instructions. PCR amplification for both bacterial and fungal DNA was carried out 96 
using a C1000™ thermo-cycler (BIO-RAD, Hercules, USA). Each DNA sample (1 µL) was used as a 97 
template in a PCR reaction (Sun et al. 2015). The universal bacterial 16S ribosomal RiboNucleic Acid 98 
(RNA) primers used for PCR amplifications were 27F (5'-AGA GTT TGA TCA TGG CTC A-3') and 99 
1492R (5'-CGGTTACCT TGTTACGACTT-3'), and the fungal primer sets were ITS5 (5'-100 
GGAAGTAAAAGTCGTAACAAGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') (Eurofins 101 
Genomics, Ebersberg, Germany) (White et al. 1990; Gardes et al. 1991). The internally transcribed 102 
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spacer (ITS) is the spacer DNA situated between the small-subunit ribosomal RNA (rRNA) and the 103 
large-subunit rRNA genes in the chromosome or the corresponding transcribed region in the 104 
polycistronic rRNA precursor transcript). Extracted DNA (1 µL) was added to a PCR master mix (49 105 
µL) containing 0.5 µM of primers, Phusion HF buffer (F-518), 200 µM dNTPs and 0.5 U Phusion Hot 106 
Start II DNA polymerase (#F-549L; Thermo Fisher Scientific, Wastham, USA) (Ale et al. 2016). 107 
PCR products were purified using GFX PCR DNA and Gel Band Purification Kit (GE28-9034-70 108 
Sigma-Aldrich, UK). Cloning was performed using the pJet1.2/Blunt cloning vector (50 ng/µL) and 109 
T4 DNA ligase (5 U/µL). Ligation was carried out according to the manufacturer’s instructions 110 
(CloneJET PCR Cloning Kit #K1231, Thermo Scientific, USA) and the ligated product was used for 111 
transformation of electro-competent E. coli DH5α using BioRad Micropulser (BioRad, USA). Purified 112 
plasmids were sequenced using the 27F primer for bacteria and the ITS4 for fungi by the company 113 
Macrogen Europe (Amsterdam, The Netherlands). The unique sequences were submitted to EMBL 114 
Nucleotide Sequence Database with the submission code Hx2000055819 (anac) (SUB#924725). 115 
A GenBank nucleotide database search was conducted using the BLAST algorithm (Basic Local 116 
Alignment Search Tool) to determine the closest relative of partial 16S gene sequences (Maidak et al. 117 
1999). For each DNA sequence, a multiple alignment was created by Clustal W (Thompson et al. 118 
1994). Evolutionary analysis and a phylogenic tree were constructed in Mega 6.0 (Kimura 1980), by 119 
the use of the Kimura 2 parameter model (Kimura 1980). The reliability of the branches was evaluated 120 
with non-parametric bootstrapping (100 replicates). All positions with less than 95% site coverage 121 
were eliminated (complete deletion option). That means that fewer than 5% alignment gaps, missing 122 
data and ambiguous bases were allowed at any position. 123 
Protein extraction and enzyme activity assay  124 
Hemp bast fibres were gently peeled from field retted and P. radiata Cel 26 retted hemp stems. For 125 
enzyme extraction, 4 g of bast fibres were submersed in 40 mL of 20 mM citrate buffer (pH 6.0) 126 
supplemented with 0.1% (v/v) Tween 20 and 0.25 mM dithiothreitol (DTT) in a glass tube, and the 127 
tube placed at 0 °C and shaken at 120 rpm for 1 h. The extraction and concentrating steps were 128 
performed as described previously (Suwannarangsee et al. 2014). For each sample, the crude enzyme 129 
extracts were concentrated until the volume was reduced to 3.0 mL. After concentrating, the 130 
concentrated enzyme extracts were kept at 4 °C for activity assay. Protein content of enzyme extracts 131 
were determined using Bovine serum albumin as standard (Bradford 1976). 132 
The pectinolytic, cellulolytic and hemicellulolytic enzyme activities were determined in crude 133 
enzyme extracts from the field retted and P. radiata Cel 26 retted samples at 40 °C in 20 mM citrate 134 
buffer (pH 6.0). Glucanase, polygalacturonase, galactanase and xyloglucan (XG)-specific 135 
endoglucanase activities were determined by measuring formation of reducing ends. The substrates 136 
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used were for glucanase 10 g/L carboxymethyl cellulose (CMC) (Suwannarangsee et al. 2014), for 137 
polygalacturonase 2 g/L polygalacturonic acid (Thomassen et al. 2011), for galactanase 5 g/L potato 138 
galactan (Michalak et al. 2012) while for xyloglucan 10 g/L tamarind xyloglucan (Benko et al. 2008). 139 
Enzyme and substrate ratio of 5:1 (v/v) was used for all the enzyme activity assays. The amount of 140 
reducing sugars that were liberated was measured by using 4-hydroxybenzoic acid hydrazide 141 
(PAHBAH) as colorimetric agent (Lever 1973). One unit of the enzyme activity was defined as the 142 
volume of crude enzyme extracts (µL) required to liberate 1 µmol reducing ends (glucose equivalents) 143 
per minute under the assay conditions. 144 
Laccase activity was measured by monitoring the oxidation of 2,2-azinobis (3-ethylbenz-145 
thiazoline)-6 sulphonate (ABTS) by the enzyme extract at 420 nm (Li et al. 2008). P. radiata Cel 26 146 
produces low levels of H2O2 and other peroxidases, which show activity with ABTS in the presence of 147 
H2O2 (Srinivasan et al. 1995). Therefore, catalase (Sigma Chemical Co.) was added at 1000 U/(mL of 148 
enzyme extracts) into crude enzyme extracts and incubated for 1 h at 37 °C to remove H2O2. One unit 149 
of laccase activity was defined as the volume of crude enzyme extracts (µL) required to oxidize 1 150 
µmol ABTS per minute under the assay conditions. 151 
Characterization of fibres 152 
Chemical composition analysis 153 
Dried bast fibres were ground with a microfine grinder (IKA, MF 10.1; IKA®-Werke GmbH) 154 
through a 1-mm screen. Ground samples were extracted in a Soxhlet apparatus (Liu et al. 2015a) and 155 
the extractive-free fibres hydrolysed using a two-step sulfuric acid process (Sluiter et al. 2011). After 156 
acid hydrolysis, the hydrolysate was collected for monosaccharide analysis, and Klason lignin (i.e. 157 
residue of the hydrolysis) content was gravimetrically determined. The chemical composition of the 158 
hydrolysate was analysed by high-performance anion-exchange chromatography with pulsed 159 
amperometric detection (HPAEC-PAD) and with recovery values of the monosaccharides estimated 160 
from parallel runs (Arnous and Meyer 2008).  161 
Scanning electron microscopy of fibre surface 162 
Samples (5 mm long × 2 mm wide) were cut from bast fibre strips under a stereo microscope and 163 
digital photos were taken using a Philips XL 30 ESEM microscope operated at 10 − 15 kV (Fernando 164 
and Daniel 2008). Preparation of samples for microscopy followed that described by (Fernando and 165 
Daniel 2008). 166 
Tensile properties of fibres 167 
Bast fibre strips (60 mm long × 1 mm wide) of mass in the range of 5 – 20 mg were used for tensile 168 
testing (Liu et al. 2015a). Tensile testing was performed using an Instron Testing Machine 2710-203 169 
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equipped with a 1kN load cell. The gauge length was 10 mm and the displacement rate 0.5 mm min-1 170 
(corresponding to a strain rate of 5% min-1). Tensile testing was performed on 20 specimens for each 171 
treatment. The cross-sectional area (Af) was determined from measured fibre mass and length, and an 172 
assumed fibre density (i.e. 1.50 kg dm-3 (Cheung et al. 2009)). Stiffness (linear regression in the strain 173 
interval 0.05 – 0.25%), ultimate tensile strength (UTS), and failure strain were determined based on 174 
measured stress-strain curves. 175 
Composites manufacturing and mechanical properties characterization 176 
Manufacturing of fibre/epoxy composites 177 
Composites were manufactured by manually aligning the treated hemp bast fibre strips resulting in 178 
unidirectional composites. Epoxy resin (Araldite® LY 1568) and its amine hardener (Aradur® 3489) 179 
were mixed at a 100/28 mass ratio and degassed in a vacuum oven. The setup for vacuum infusion and 180 
moulding processing has been described (Liu et al. 2016b). After demoulding, composite samples with 181 
dimensions 140 mm × 10 mm × 2 mm were obtained and then glass fibre/epoxy tabs with lengths of 182 
50 mm mounted on composite specimens using epoxy glue (DP 460).  183 
The volumetric composition of the composites was varied by varying the amount of fibres (mf) in 184 
the mould chambers resulting in fibre weight contents (wf) in the range 0 – 0.70. When the Wf was 185 
below 0.30, the composite specimens had irregular surfaces, and their thickness could not be measured 186 
accurately. For such cases, composite density (ρc) was determined by the buoyancy method 187 
(Archimedes principle) using water as the displacement medium. When Wf was above 0.30, the 188 
composites specimens had flat surfaces and ρc could be accurately calculated based on their 189 
dimensions (i.e. length, width and thickness). The volumetric composition of composite samples was 190 
determined from the equations described previously (Liu et al. 2016b). In the composites, the porosity 191 
(Vp) was assumed to be a linear function of the fibre volume content (Vf), where the established 192 
proportionality constant is equal to the fibre correlated porosity factor αpf (Madsen et al. 2009) as 193 
expressed in Eq.1. The matrix correlated porosity factor (αpm) was assumed to be zero. 194 
௣ܸ ൌ ߙ௣௙ ൈ ௙ܸ  (1) 195 
Tensile properties of composites 196 
For tensile testing of the composite specimens, an Instron Testing Machine 5566 with a load cell of 197 
10 kN was used. Strain measurements were conducted using two extensometers and the displacement 198 
rate was 1 mm min-1 (corresponding to a strain rate of 2.5% min-1). Based on measured stress-strain 199 
curves, composite stiffness (Ec) (linear regression in the strain interval 0.05 – 0.25%) and UTS were 200 
determined. For each treatment, at least 10 specimens with varied fibre content were tested. The rule 201 
of mixtures (ROM) model (Madsen et al. 2009) was used to determine the effective fibre stiffness (Ef) 202 
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and fibre strength (UTSfu) in the composites by linear regression versus fibre volume content (Vf) 203 
using Eqs.2 and 3, respectively. The intercept was set equal to the measured matrix stiffness (Em) and 204 
strength (UTS௠∗ ) at the average failure strain of the composites.  205 
ܧ௖ ൌ ௙ܸܧ௙ ൅ ௠ܸܧ௠ ൌ ܧ௠ ൅ ௙ܸ ቀܧ௙ െ ܧ௠൫1 ൅ ߙ௣௙൯ቁ ൌ ܧ௠ ൅ ݇ ௙ܸ  (2) 206 
ܷܶܵ௖ ൌ ௙ܸܷܶ ௙ܵ௨ ൅ ௠ܸܷܶܵ௠∗ ൌ ܷܶܵ௠∗ ൅ ௙ܸ ቀܷܶ ௙ܵ௨ െ ܷܶܵ௠∗ ൫1 ൅ ߙ௣௙൯ቁ ൌ ܷܶܵ௠∗ ൅ ݇ ௙ܸ  (3) 207 
where the subscripts c, f and m indicate composite, fibres, and matrix, respectively. k is the slope of 208 
the linear regression line, i.e. of Ec vs. Vf and UTSc vs. Vf. Effective fibre stiffness (Ef) and tensile 209 
strength (UTSfu) can thus be calculated from Eqs.2 −3 at Vf = 1.0 by linear extrapolation.  210 
Results 211 
Chemical composition of field retted and P. radiata Cel 26 retted fibres 212 
Table 1 shows the changes in chemical composition of the hemp fibres after field - and P. radiata 213 
Cel 26 retting. A reduction in galacturonan, arabinan, and xylan content was noted with increasing 214 
retting duration during both treatments (Table 1). During field retting, the galacturonan content of 215 
fibres gradually decreased from 8.3% for untreated fibres, to 5.4% after 7 days, and to 3.1% after 14 216 
days. After 20 days, no reduction in galacturonan content was found. In contrast, the galacturonan 217 
content decreased faster during retting with P. radiata Cel 26 and after 14 days, only 2% galacturonan 218 
remained. After 20 days of field retting arabinan and xylan contents decreased to 0.6 and 1.0%, 219 
repectively. The arabinan and xylan contents decreased similarly to 0.5 and 1.1% after 20 days of 220 
retting with P. radiata Cel 26. 221 
In comparison to untreated fibres, no increase in glucan content was noted during field retting. In 222 
contrast, the relative glucan content in the hemp fibres increased after only 7 days of retting with P. 223 
radiata Cel 26 from 67 to 82% (Table 1). Besides these changes, a slight increase in lignin content (i.e. 224 
lignin to carbohydrate ratio), particularly during field retting was noted presumably due to a lack of 225 
lignin degrading enzymes produced by the microbial retting flora. 226 
Establishment of microbial community during field retting 227 
The changes in chemical composition of fibres during field retting (Table 1) were accompanied by 228 
changes in the microbial community versus time. Fig. 1 shows typical examples of the proliferation 229 
and pervasive action of fungi and bacteria on hemp fibre surfaces. In addition, gene sequencing 230 
provided identification and diversity of bacteria and fungi shown in Tables 2 and 3, respectively. 231 
Phylogenetic trees of the bacterial and fungal community evolution during field retting are shown in 232 
Fig. 2 and 3, respectively. 233 
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ESEM microscopy observation showed that neither bacteria nor fungal hyphae were present on the 234 
hemp fibre surface before field retting (Fig 1a). After 7 days of field retting fungal hyphae were 235 
abundant but very few bacteria were observed (Fig 1b). After 14 days, fungi were similarly frequent 236 
present on the hemp fibre surfaces as on fibres retted for 7 days, and bacteria were abundant and 237 
sometimes observed associated with fungal hyphae (Fig 1c). In addition, spots of local decay on the 238 
fibre surface were observed. After 20 days, a higher bacterial population was observed all over the 239 
fibre surfaces while fungal hyphae abundance was decreased (Fig 1d). In addition, severe degradation 240 
of the fibre surface was mainly observed at the locations with high bacterial colonization. 241 
Bacterial community 242 
16S rRNA from samples with different field retting durations was analyzed for bacterial diversity 243 
resulting in 81 sequences (Table 2). Sequences were grouped according to phylum affiliation including 244 
Chloroplast, α-ß-γ-Proteobacteria, Bacteroidetes and Firmicutes. In the unretted sample, the 245 
sequencing identified chloroplast originating from the outer part of the plant stem cells (Vergara et al 246 
2016). From visual inspection, the green colour of chloroplast of the stems disappeared later. After 7 247 
days retting, 14, 14, and 57% of the bacteria belonged to α-, ß-, and γ-Proteobacteria, respectively. 248 
After 20-days retting, the percentages of α- and ß- Proteobacteria were similar (19% and 16% of the 249 
bacteria) and that of γ-Proteobacteria decreased to 38%. Firmicutes bacteria were only identified after 250 
7 days, while Bacteroidetes were identified after 14 and 20 days of retting with 8 and 25% of the 251 
bacteria, respectively.  252 
The most frequent phylotype of bacteria was Massilla aurea (NR042502) between 7 and 14 days 253 
retting with 14 and 25%, respectively, decreasing to 16% after 20 days. Rhizobium soli (NR115996) 254 
was present at 14 – 17% of the bacteria during the whole retting period. Pantoea agglomerans 255 
(NR041978) was only present after 20 days of retting with 16%. The Pseudomonas fraction of the 256 
bacteria (including the species argentinensis, rhizosphaera and syringae) decreased from 28% after 7 257 
days to 16% after 14 – 20 days. The Shigella sonnei part of the bacteria decreased from 29% after 7 258 
days to 0% after 20 days. In addition minor but increasing percentages (0 → 3-10% of bacteria) were 259 
found for Erwinia aphidicola, Chryseobacterium scophthalmum, Hymenobacter ginsengisoli, 260 
Hymenobacter norwichensis, Pedobacter hartonius and Pedobacter namyangjuensis. 261 
Figure 2 shows the genetic differences between the identified bacteria. It shows that few bacterial 262 
specie are present initially (7 days). It shows a more rich bacterial community after 14 days with 6 263 
yellow lables and an even richer community after 20 days with 13 orange lables.  264 
 265 
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Fungal community 266 
Sequences of the fungal community derived from the ITS genes corresponded to 6 genera 267 
distributed within the Basidiomycota phylum and to 7 genera within the Ascomycota phylum (Table 3). 268 
Between 0 and 7 days of retting, the fungal community was dominated by Ascomycota fungi with 74% 269 
increasing to 100% after 14 days of retting. Ascomycota was frequently represented by Stemphylium 270 
globuliferum with 18, 66 and 40% of the fungal community after 7, 14 and 20 days retting, 271 
respectively. The decrease in dominance of S. globuliferum after 14 days could be explained by 272 
increases in percentage of Cladosporium uredinicola (16 → 33%) and Alternaria infectoria (9 → 273 
20%). However C. uredinicola dominated initially with 50% of the fungal community after 7 days. 274 
Low and decreasing percentage of Cryptococcus (including the species carnescens, festucosus and 275 
victoriae) and Sphaerulina amelanchier was observed with 10 and 7% of the fungal community after 0 276 
days, respectively.  277 
Figure 3 shows the genetic differences between the identified fungi and the extinction of 278 
Bacidiomycota after 14 days of retting, presumably as a result of faster growth of Ascomycota fungi. 279 
It also indicates that many widespread fungal specie are present initially (14 blue labels; high 280 
biodiversity) compared to 4 orange labels after 20 days represented by only Alternaria, Stemphylium 281 
and Cladosporium. This trend is opposite to the increasing richness of the bacterial community as 282 
illustrated in Figure 2.  283 
Enzyme activity changes during field - and fungal retting 284 
Figure 4 shows protein content and enzyme activities of the enzyme crude extracts from field retted 285 
and P. radiata Cel 26 at varied retting durations. As shown in Fig. 4a, enzyme extracts from P. radiata 286 
Cel 26 retted fibres had higher protein content compared to that from field retted fibres. Comparison 287 
of different enzyme activities in extracts from field - and P. radiata Cel 26 retted fibres, showed that 288 
field retted fibres had significantly higher glucanase activity up to 20 days. However, after 20 days, 289 
there was no difference in the glucanase activity present in both samples (Fig. 4b). High glucanase 290 
present in the extracts from field retted fibres corroborated with the chemical composition data (Table 291 
1) and microbial community evolution during field retting (Table 2 and Table 3). 292 
Much higher polygalacturonase activity in the extracts from P. radiata Cel 26 retted fibres was 293 
observed compared to that extracted from field retted fibres. Thereby the more efficient pectin 294 
degradation by fungal retting (Table 1) can be corroborated by the high polygalacturonase activity 295 
present in the enzyme extracts from P. radiata Cel 26 retted fibres (Fig. 4c). The highest 296 
polygalacturonase activity (0.6 U/g DM) was observed for 7 days P. radiata Cel 26 retted fibres. 297 
Thereafter, the activity gradually decreased to 0.1 U/g DM after 20 days. 298 
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Besides glucanase and polygalacturonase activities, galactanase, XG-specific endoglucanase, and 299 
laccase activities were determined for both field retted and P. radiata Cel 26 retted fibres. P. radiata 300 
Cel 26 retted fibres exhibited higher galactanase and XG-specific endo-glucanase activity than field 301 
retted fibres. Laccase activity was found to increase with extended P. radiata Cel 26 retting duration 302 
from 0.4 after 7 days to 1.0 U/g DM after 20 days, while no laccase activity was detected in the crude 303 
enzyme extracts from field retted fibres (Fig. 4f).  304 
Mechanical properties of fibres and fibre/epoxy composites 305 
The stiffness and UTS of the fibres are shown in Table 4. The untreated hemp fibres had stiffness of 306 
29 GPa and UTS of 770 MPa. A decrease in fibre strength was observed with increased field retting 307 
duration to 683 MPa after 20 days (Table 4). The decrease in fibre strength with increased field retting 308 
duration can be explained by the loss of cellulose because of the presence of cellulase activities (Fig. 309 
4b). For P. radiata Cel 26 retted fibres, the stiffness increased and UTS decreased slightly. After fibres 310 
were retted with P. radiata Cel 26 for 14 days, the stiffness and UTS of fibres were 42 GPa and 720 311 
MPa.  312 
All fungal retted and untreated fibres were assessed in hemp fibre/epoxy composites. In order to 313 
compare with traditional field retting, the 20-day field retted fibres were selected and also assessed in 314 
hemp fibre/epoxy composites. As shown in Fig. 5, the starting points of the ROM model lines at Vf = 315 
0, showed the measured epoxy matrix stiffness (Em) and UTS (UTS௠∗ ) of 2.7 GPa and 27 MPa, 316 
respectively, at the average failure strain of the composites of 1.0%. By comparison of the slopes (k) 317 
of model lines established by linear regression of Ec and UTSc versus Vf, of composites with 318 
differently treated fibres, it can be seen that composites with P. radiata Cel 26 retted fibres, 319 
irrespective of retting duration, had much higher stiffness and strength than the composites with 20 320 
days field retted fibres (Fig. 5). In addition, there were no statistical differences in neither stiffness nor 321 
strength between composites with P. radiata Cel 26 retted fibres and composites with untreated fibres 322 
(Fig. 5). The results are consistent with chemical composition, microbial community evolution and 323 
enzyme activity assay studies and demonstrated that P. radiata Cel 26 retting produced better fibres 324 
than field retting. 325 
The effective fibre stiffness (Ef) and strength (UTSfu) were established by using the ROM-model 326 
(Eqs. 2 −3). Ef was determined to be similar (65, 62, 66 and 67 GPa) for 0, 7-, 14-, and 20- days retted 327 
samples using P. radiata Cel 26, respectively. In contrast, 20 days field retted fibres showed that Ef 328 
was only 51 GPa. UTSfu was determined to increase slightly (560, 548, 573, 587 MPa) for 0, 7-, 14-, 329 
and 20- days retted samples using P. radiata Cel 26, respectively. However, 20 days field retted fibres 330 
showed that UTS reduced to 470 MPa. 331 
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 The porosity factors (αpf) of composites with differently treated fibres were determined by Eq. (1) 332 
based on the experimental data of Vp versus Vf. In general, changes in the porosity factors indicate the 333 
variations in composite porosity. As shown in Fig. 6, composites with field retted and untreated fibres 334 
had the highest porosity factor (up to 0.16), followed by composites with P. radiata Cel 26 retted 335 
fibres (0.10 – 0.13). For composites made with P. radiata Cel 26 retted fibres, the composite porosity 336 
was found to decrease vs. the retting duration, as indicated by a decrease in the porosity factors vs. the 337 
retting duration (Fig. 7).  338 
 339 
Discussion 340 
Microbial community and enzyme expression 341 
The changes in chemical composition of the hemp fibres was consistent with a previous study 342 
where field retting caused greater loss of cellulose with increased duration (Liu et al. 2015a), while 343 
fungal retting with P. radiata Cel 26 did not degrade the cellulose (Liu et al. 2015b). It is a strong 344 
indication for cellulase production during field retting due to the presence of wild microbial 345 
populations. Normally with these types of wild microbial populations, the bacteria associate with the 346 
fungal hyphae so that they can get access to carbohydrates released by the fungal attack of the plant 347 
cell wall. This kind of symbiosis has been proved in microbial conversion of phenolic compounds 348 
(Boonchan et al. 2000).  349 
A similar phylum distribution of the field retting microbial community has been observed with 350 
water retting of jute (Corchorus olitorius) with Proteobacteria as the most abundant phylum of which 351 
γ was the main type (Munshi and Chattoo 2008). The γ-Proteobacteria was found to have ability to 352 
hydrolyze CMC and pectin owing to its cellulolytic and pectinolytic activity (Hrynkiewicz et al. 2010). 353 
The increased percentages of Bacteroidetes and α-Proteobacteria in the bacterial community with 354 
retting duration has also been observed in another study of field retting of hemp (Ribeiro et al. 2015). 355 
Rhizobium has been found to produce cellulase enzymes, which explains the cell wall degradation 356 
(Morales et al. 1984). The relatively abundant bacterial sequences of Pantoea, Pseudomonas, and 357 
Massilia have also been identified during field retting of hemp at varied durations in the previous 358 
study (Ribeiro et al. 2015). It has been found that Massillia species have cellulolytic activity 359 
(Hrynkiewicz et al. 2010) and Pseudomonas species were found to be particularly important in the 360 
decomposition of pectin in plant fibres during the process of retting, particularly under aerobic 361 
conditions (Betrabet and Bhat 1958; Rosemberg 1965). 362 
Endophytic fungi such as S. globuliferum can penetrate the plant tissue while producing pectinase 363 
and cellulase enzymes (Wang and Dai 2011). A. infectoria has also been reported to perform 364 
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enzymatic hydrolysis of cellulose and hemicellulose (Silva et al. 2015). Cladosporium has been 365 
reported to produce pectin lyase and cellulases (Brown and Sharma 1984). Presence of Cladosporium 366 
and Cryptococcus genera have also been identified in field retted hemp fibres by Ribeiro et al. 367 
(Ribeiro et al. 2015). Cryptococcus is known to produce cutinase enzymes (Masaki et al. 2005) that 368 
are involved in cutin degradation in the cuticle on hemp stem surface. It can explain why 369 
Cryptococcus dominated initially with 10% of the fungal community since cuticle is the outer and 370 
most accessible layer of the hemp stem. The zero laccase activity is consistent with the lack of 371 
Basidiomycota fungi in field retting. The higher Klason lignin of P. radiata Cel 26 retted fibres (Table 372 
1) is presumably due to the lack of laccase activities (Table 3), and consistent with lack of lignolytic 373 
Basidiomycotes during field retting, especially after 14 and 20 days (Table 3). These studies indicate 374 
that an enzyme profile with pectin and carbohydrate degrading enzymes was produced during field 375 
retting giving decay in the hemp fibre cell wall but with a weak decay on the lignin fraction. This 376 
agrees with the fibre composition in Table 1. 377 
Fibre compositional changes and resulting composite properties 378 
Properties of composites depend not only on the fibre themselves but also on the degree to which an 379 
applied load is transmitted to the fibres by the matrix phase under stress (Callister WD 1994). The 380 
degree to which an applied load is transmitted to the fibres by matrix phase under stress largely 381 
depend on the wettability of hemp fibres by matrix polymer (Gassan et al. 2000). High wettability of 382 
the fibres by matrix polymer indicating improved interfaces between fibres and matrix phase, results 383 
in improved interfacial shear strength (IFSS) (Li et al. 2009) and decreased composite porosity content 384 
(Liu et al. 2016a; Liu et al. 2016b). The decreased composite porosity content lowers stress 385 
concentrations and results in increased mechanical properties of the fibre reinforced composites 386 
(Madsen et al. 2009; Liu et al. 2016c).  387 
The decrease in composite porosity was primarily due to the removal of non-cellulosic components, 388 
in particular the degradation of pectin and hemicellulose, and separation of cellulose fibers, improved 389 
the bonding between fibres and matrix polymers (Liu et al. 2016a; Liu et al. 2016b). The fibre 390 
correlated porosity factor was correlated with the galacturonan content of fibres after retting with P. 391 
radiata Cel 26 at varied durations (Fig. 7). The decrease in composite porosity after retting with P. 392 
radiata Cel 26 can also explain the better mechanical properties of the composites than composites 393 
with field retted fibres (Fig. 5), due to the lowered effect of stress concentrations (Madsen et al. 2009). 394 
Compared to composites with untreated fibres, decreased composite porosity for composites with 395 
fungal retted fibres was observed (Fig. 6), but no differences between mechanical properties of the two 396 
types of composites were found (Fig. 5). It indicated that some damages might also be introduced to P. 397 
radiata Cel 26 retted fibres due to the presence of cellulase activity.  398 
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Overall concluding perspectives 399 
Field retting based on natural microbial communities and P. radiata Cel 26 retting was assessed in 400 
hemp fibre treatment for fibre/epoxy composites use. It was found that both fungal and bacterial 401 
communities were involved in field retting. Ascomycota phylum were observed during the first 1-2 402 
weeks of classical field retting, and thereafter, different types of bacteria, notably different 403 
Proteobacteria proliferated in field retted fibres. Field retted fibres exhibited much higher glucanase 404 
activities than P. radiata Cel 26 retted fibres, while the latter had higher polygalacturonase, 405 
galactanase, XG-specific endoglucanase and laccase activities. As a result, retting with P. radiata Cel 406 
26 can degrade non-cellulosic components from hemp fibres at high efficiency compared to field 407 
retting. Composites with P. radiata Cel 26 retted hemp fibres had significantly higher stiffness and 408 
strength than composites made with field retted hemp fibres. 409 
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Figure captions 518 
Fig. 1. ESEM microscopy images showing presence of bacteria and fungi in field retted hemp after 519 
0 (a), 7 (b), 14 (c) and 20 days (d). Scale bars: a,b, 20 µm; c,d, 10 µm. 520 
Fig. 2. Phylogenetic tree of bacterial community present in the hemp fibre samples. The numbers 521 
show the similarity between the branches in %. α-Proteobacteria have blue branches, ß-Proteobacteria 522 
have brown branches, γ-Proteobacteria have purple branches while Bacteroidetes have green branches. 523 
Samples are sorted according to retting time (7 days = green; 14 days = yellow; 20 days = orange). 524 
Relative abundance is shown in % calculated based on the number of bacterial clones at each retting 525 
time.  526 
Fig. 3. Phylogenetic tree of fungal community present in the hemp fibre samples. The numbers 527 
show the similarity between the branches in %. Ascomycota fungi have brown branches while 528 
Basidiomycota fungi have blue branches. Samples are sorted according to retting time (0 days = blue; 529 
7 days = green; 14 days = yellow; 20 days = orange). Relative abundance is shown in % calculated 530 
based on the number of fungal clones at each retting time.  531 
Fig. 4. Protein content of enzyme extracts (a), and enzyme activities of glucanase (b), 532 
polygalacturonase (c), galactanase (d), XG-specific endoglucanase (e), and laccase (f) versus retting 533 
duration (Units of enzyme activities were shown as U per g dry of matter hemp fibres). 534 
Fig. 5. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated fibres versus 535 
fibre volume (Vf) contents (k is slope of linear regression model lines). 536 
Fig. 6. Porosity of composites reinforced with untreated and treated fibres versus fibre volume (Vf) 537 
content. 538 
Fig. 7. Correlation between fibre correlated porosity factor (αpf) and galacturonan content of fibres 539 
after different treatments. 540 
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Table 1. Chemical composition of hemp fibres after different treatments. Values are means 542 
(standard deviation) for 3 replicates. In each column, values that do not share a letter are significantly 543 
different at the 5% level. 544 
Treatment 
Retting 
period 
(days) 
AmountA (%) 
Glu GalA Gal Ara Xyl Man Lignin 
Untreated 0 67.2(2.6)b 8.3(0.4)a 2.1(0.1)bc 1.2(0.1)a 1.3(0.2)a 4.6(0.2)a 5.3(0.2)b 
Field retting 
7 63.9(1.0)b 5.4(0.6)b 2.0(0.2)c 0.7(0.2)bc 1.1(0.2)bc 4.0(0.4)a 5.3(0.9)ab 
14 70.2(0.5)b 3.1(0.4)c 2.4(0.2)ab 0.4(0.0)c 0.8(0.2)c 3.4(0.0)a 6.1(0.9)ab 
20 66.9(1.2)b 3.6(0.4)c 2.0(0.0)c 0.6(0.1)bc 1.0(0.2)bc 3.9(0.2)a 8.1(0.3)a 
Fungal 
retting 
7 81.8(1.6)a 4.2(0.2)c 2.4(0.1)a 0.7(0.0)b 1.3(0.1)abc 4.7(0.3)ab 6.1(1.1)ab 
14 83.4(3.8)a 2.0(0.2)d 2.3(0.2)a 0.5(0.1)bc 1.3(0.1)ab 4.4(0.3)b 5.3(0.1)b 
20 76.7(1.5)a 1.6(0.0)d 2.0(0.0)c 0.5(0.0)bc 1.1(0.0)bc 4.5(0.4)ab 6.7(0.5)ab 
 545 
A Glu: glucan, GalA: galacturonan, Gal: galactan, Ara: arabinan, Xyl: xylan, Man: mannan, Lignin: 546 
Klason lignin. 547 
  548 
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Table 2. Phylogenetic frequency and affiliation of bacteria based on the 16S rRNA gene on hemp 549 
fibres retted for different time. 550 
1 Percentage based on total number of sequences for each retting period. Bracket is the number of 551 
clones identified. 552 
2 Similarity between identified sequence and published sequence. 553 
3 Reference: Vergara et al. 2015 554 
 555 
 556 
 557 
  558 
Phylum 
Bacterial species % of total bacterial community1 
Accession no.2 
Genus Species 
Field retting time (day) 
0 7 14 20 
α-Proteobacteria 
Rhizobium  soli 0 14[ 1] 17[ 2] 16[ 5] NR115996 (99%) 
Sphingomonas  aerolata 0 0 8[ 1] 3[ 1] NR042130 (98%) 
Uncultured  0 0 8[ 1] 0 NR115822 (99%) 
ß-Proteobacteria Massilia  aurea 0 14[ 1] 25[ 3] 16[ 5] NR042502 (99%) 
γ-Proteobacteria 
Erwinia  aphidicola 0 0 8[ 1] 3[ 1] NR104724 (99%) 
Pantoea  agglomerans brenneri 
0 0 0 16[ 5] NR041978 (99%) 
0 0 0 3[ 1] NR116748 (99%) 
Pseudomonas 
argentinensis 
rhizosphaera 
syringae 
0 14[ 1] 0 10[ 3] NR043115 (97%) 
0 14[ 1] 8[ 1] 3[ 1] NR029063 (99%) 
0 0 8[ 1] 3[ 1] NR074597 (99%) 
Shigella  sonnei 0 29[ 2] 8[ 1] 0 NR074894 (97%) 
Bacteroidetes 
Chryseobacterium  scophthalmum 0 0 0 6[ 2] NR025386 (99%) 
Hymenobacter ginsengisoli norwichensis 
0 0 0 3[ 1] NR108904 (99%) 
0 0 0 10[ 3] NR042172 (99%) 
Pedobacter hartonius namyangjuensis 
0 0 8[ 1] 3[ 1] NR104917 (97%) 
0 0 0 3[ 1] NR113980 (99%) 
Firmicutes Paenibacillus  hordei 0 14[ 1] 0 0 NR109318 (99%) 
Totals % [no. clones]  0[0] 100[7] 100[12] 100[31]  
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Table 3. Phylogenetic frequency and affiliation of fungi based on the ITS gene from hemp fibres 559 
retted at different time. 560 
 561 
Phylum 
Fungal species % of fungal community1 
Accession no.2 
Genus Species 
Field retting time (day) 
0 7 14 20 
A
sc
om
yc
ot
a 
Alternaria brassicae 0 [0] 4 [1] 0 [0] 3 [1] KM396418.1 (92-100%)infectoria 2 [1] 7 [2] 9 [3] 20 [6] KC254057.1 (95-100%)
       
Cladosporium  
antarcticum 7 [3] 0 [0] 0 [0] 0 [0] NR121332.1 (99-100%)
macrocarpum 9 [4] 0 [0] 0 [0] 3 [1] KC311478.1 (96-100%)
uredinicola 21 [9] 50 [14] 16 [5] 33[10] KP216999.1 (100%)
       
Gibellulopsis nigrescens 0 [0] 0 [0] 3 [1] 0 [0] HE972037 (99%)
Leptospora rubella 2 [1] 0 [0] 0 [0] 0 [0] HE774478.1 (95%)
Pleospora  herbarum 0 [0] 0 [0] 3 [1] 0 [0] KM272370.1 (93%)
Sphaerulina  amelanchier  7 [3] 0 [0] 0 [0] 0 [0] KF251596.1 (99%)
Stemphylium  globuliferum 26 [11] 18 [5] 66 [21] 40[12] KF479193.1 (94-99%)
B
as
id
io
m
yc
ot
a 
Bulleromyces  albus 2 [1] 4 [1] 0 [0] 0 [0] KC455879.1 (99%) 
       
Cryptococcus 
carnescens  5 [2] 0 [0] 0 [0] 0 [0] JX188120.1 (99-100%)
festucosus 0 [0] 4 [1] 0 [0] 0 [0] FR717832.1 (98%)
victoriae 5 [2] 11 [3] 0 [0] 0 [0] KM376379.1 (99-100%)
       
Dioszegia  hungarica 2 [1] 0 [0] 0 [0] 0 [0] EU286794.1 (99%) 
Entyloma  microsporum 2 [1] 0 [0] 0 [0] 0 [0] KC311478.1 (94%) 
Rhodotorula  aurantiaca 2 [1] 0 [0] 0 [0] 0 [0] AB093528.1 (99%) 
Sporobolomyces  coprosmae 7 [3] 4 [1] 0 [0] 0 [0] AM160645.1 (99-100%) 
Totals % [no. clones]  100 [43] 100 [28] 100 [32] 100 [30]  
 562 
1 Percentage based on total number of sequences for each retting period. Bracket is the number of 563 
clones identified. 564 
2 Similarity between identified sequence and published sequence. 565 
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Table 4. Mechanical properties of hemp fibres after different treatments. Values are means 567 
(standard deviation) for 3 replicates. In each column, values that do not share a letter are significantly 568 
different at the 5% level. 569 
Treatment Retting period (days) 
Stiffness 
(GPa) 
UTS 
(MPa) 
Strain 
(%) 
Untreated / 29(5)bc 770(100)a 5.1(1.0)a 
Field retting 
7 33(5)b 832(198)a 4.7(1.8)a 
14 31(5)bc 697(135)a 4.5(1.5)ab 
20 28(5)bc 683(107)b 4.5(1.2)ab 
Fungal retting 
7 27(5)c 707(130)a 3.6(0.9)bc 
14 42(5)a 720(150)a 2.3(0.5)cd 
20 31(7)bc 714(145)a 3.1(0.8)d 
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The objective of this work was to investigate the use of hydrothermal pre-treatment and enzymatic ret-
ting to remove non-cellulosic compounds and thus improve the mechanical properties of hemp fibre/
epoxy composites. Hydrothermal pre-treatment at 100 kPa and 121 C combined with enzymatic retting
produced fibres with the highest ultimate tensile strength (UTS) of 780 MPa. Compared to untreated
fibres, this combined treatment exhibited a positive effect on the mechanical properties of hemp fibre/
epoxy composites, resulting in high quality composites with low porosity factor (apf) of 0.08.
Traditional field retting produced composites with the poorest mechanical properties and the highest
apf of 0.16. Hydrothermal pretreatment at 100 kPa and subsequent enzymatic retting resulted in hemp
fibre composites with the highest UTS of 325 MPa, and stiffness of 38 GPa with 50% fibre volume content,
which was 31% and 41% higher, respectively, compared to field retted fibres.
 2016 Elsevier Ltd. All rights reserved.
1. Introduction
As a result of increasing environmental awareness, the use of
sustainable, renewable and environmentally friendly materials is
currently gaining interest. The development of natural cellulosic
fibres to replace synthetic materials in composites is an important
example of sustainable materials application. Compared with syn-
thetic materials (e.g. glass fibre and polyepoxides), cellulosic fibres
have many advantages such as low cost, low density with high ten-
sile strength (300–1200 MPa) and high stiffness (30–70 GPa) [1,2].
However, natural cellulosic fibres also have some inherent disad-
vantages, including large variability in their mechanical properties
resulting from biological variation and processing technology
effects [2]. Most importantly, they are accompanied by non-
cellulosic components when produced naturally in plants and
these non-cellulosic components must be at least partially
removed to obtain cellulosic fibres for impregnation in composites.
Hemp is a fast growing crop, producing higher cellulosic fibre
yields than other non-wood plant sources, i.e. cotton and flax.
The most suitable hemp fibres for composites are the primary
fibres, which are situated in the cortex of the hemp stems. The pri-
mary fibres mainly consist of cellulose and are encased in fibre
bundles with each individual fibre surrounded by middle lamellae
(ML) composed of pectin and lignin [3]. When hemp stems are
viewed cross-sectionally, the fibre bundles made up of the primary
fibres form a fibre layer inside the cortex. The principle for fibre
processing is to remove the lignin and pectin from the ML to obtain
cellulose rich fibres, without decreasing the mechanical properties
of the fibres.
Traditional fibre extraction methods include field retting and
water retting. These treatments remove pectin via spontaneous
flourishing (uncontrolled) microbial activity to produce cellulose
rich fibres. Field retting is subject to weather conditions (esp. rain-
fall and temperature) and may result in scattered fibre mechanical
properties and over retting can damage the fibres [3]. Water retting
has also drawbacks with negative environmental impact such as
water pollution. Enzyme retting, involving treatment mainly with
pectinolytic enzymes, offers an alternative method, and may be
more controlled in addition to overcoming the limitations of tradi-
tional methods with respect to time, efficiency and environmental
impact.
http://dx.doi.org/10.1016/j.compositesa.2016.06.003
1359-835X/ 2016 Elsevier Ltd. All rights reserved.
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Targeted enzymatic removal of pectin from untreated hemp
bast fibres has previously been found to improve the coherence
between fibres and matrix, producing positive effects on randomly
orientated hemp fibre/polypropylene composites [4,5]. Direct
treatment of hemp stems with commercial enzyme mixtures, usu-
ally consisting of pectinases, hemicellulases and cellulases, has
been examined for accomplishing controlled fibre retting. How-
ever, it appears that enzymes alone cannot penetrate the hemp
stems to degrade pectins efficiently [6]. The accessibility of the
substrate surface to enzymes is of prime importance in enzymatic
treatments involving insoluble substrates. Pre-treatment of hemp
fibres prior to enzymatic retting is thus essential to achieve good
retting results.
Hydrothermal pre-treatment of hemp stems prior to enzymatic
retting is more environmentally friendly than combining enzymes
and ethylenediamine-tetra-acetic acid (EDTA), as water is the only
reagent used in the process. Hydrothermal pre-treatment is a well-
known pre-treatment method in biorefining schemes, including
2nd generation bioethanol production, where hydrothermal pre-
treatment (Temperature = 170–200 C, Vapor pressure = 1000–
1600 kPa) is typically applied to obtain high cellulose convertibility
in the subsequent enzymatic treatment with cellulase enzymes
[7,8].
The scope of the study was to assess whether the mild
hydrothermal pre-treatment of hemp stems would impart better
enzymatic pectin removal from hemp fibres, to produce cellulose
rich fibres with improved mechanical properties for unidirectional
fibre/epoxy composites.
2. Materials and methods
2.1. Raw material and processing
2.1.1. Plant material
Hemp (Cannabis sativa L.), variety USO-31, was sown in France
(N 48.8526, E 3.0190 (WGS84)) as described in detail by Liu
et al. [3] and supplied by the companies Planète Chanvre and Bafa
Neu GmbH. The whole hemp stem under the inflorescence base
was used as the starting material in the study. Hemp stem pieces
with a length of approx. 15 cm were randomly collected from the
chopped stems. Before treatment, the stem pieces were gently
rinsed with warm water (40 C) to remove dirt and then they were
dried at 50 C for 12 h. In order to compare the treatments with
traditional field retting, field retting was carried out on the whole
stems for 20 days after harvest [2].
2.1.2. Hydrothermal pre-treatment
Hydrothermal pre-treatment was carried out on the dried hemp
stem pieces in 1 dm3 Erlenmeyer flasks (100 cm3 water and 15 g
stems in each flask) at three different water vapour pressures
(above the atmospheric pressure of 101.3 kPa) (50 kPa at 112 C;
100 kPa at 121 C; 200 kPa at 134 C) for 30 min in an autoclave
(LaM-4-20-MCS-J, SANOclav GmbH, Germany). In order to deter-
mine the mass loss of fibres during the hydrothermal pre-
treatment, for each replicate, 6 g of bast fibres peeled from
untreated hemp stems were hydrothermally treated at the same
conditions as the hemp stems. A control (untreated sample) was
performed at room temperature. After the hydrothermal pre-
treatment, the hydrolysates were collected and filtered with a
0.22 lm syringe filter. When the filtered hydrolysates were cooled
to room temperature, pH value was measured. Bast fibre strips
were then manually peeled from the stems and thoroughly rinsed
with warm water (40 C). Afterwards, the fibres were dried at
50 C for 12 h. The severity of the hydrothermal treatment was
quantified by the P-factor (P), a parameter quantifying the com-
bined effect of time and temperature, which can be calculated
using Eq. (1) [9].
P ¼
Z t
0
e40:48
15;106
T dt ð1Þ
where t is duration of the hydrothermal treatment in h, T is temper-
ature in K, and 40.48 and 15,106 are constants derived from an acti-
vation energy on 125.6 kJ mol1 for the fast-reacting xylan from
Eucalyptus saligna [9].
2.1.3. Enzymatic retting
After hydrothermal pre-treatment, enzymatic retting was per-
formed on the dried bast fibre strips for 0, 30, 90, 150, 240 and
300 min at a pH of 6.0 using a 25 mmol dm3 citrate buffer, a tem-
perature of 40 C, and an agitation of 100 rpm. Monoactive recom-
binant endo-polygalacturonase and pectin lyase were applied at
dosages of 0.2% and 0.1% (g protein per g dry matter), respectively.
endo-polygalacturonase (EC 3.2.1.15) from Emericella nidulans was
produced by fermentation of a Pichia pastoris clone transformed
(principally as described previously [11,12]) with the gene
AN4372.2 from the Fungal Genetic Stock Center, Kansas State
University, USA [10]. Pectin lyase (EC 4.2.2.10) was produced and
fermented in the same way with the gene AN2569.2 from the Fun-
gal Genetic Stock Center, Kansas State University, USA. At the con-
ditions applied for the enzymatic retting, the activity of endo-
polygalacturonase and pectin lyase were 945 U cm3 (17 U mg1)
and 40 U cm3 (3 U mg1), respectively.
At the end of the enzyme retting, the wet bast fibre strips were
removed from the enzyme solution, and rinsed thoroughly with
warm water (40 C). Afterwards, the fibres were dried at 50 C
for 12 h. For all treatments, the liquid (cm3) to fibre dry matter
(g) ratio was 40:1 (4 g fibres per replicate, and in triplicate). Con-
trol treatments (without enzymes) were performed under the
same conditions to determine the influence of non-enzymatic
processes.
2.1.4. Manufacturing of composites
The treated bast fibre strips were manually untangled and
aligned to allow the fibres to be processed into unidirectional com-
posites. An epoxy resin (Araldite LY 1568) and its amine hardener
(Aradur 3489) were mixed at a 100/28 mass ratio, and degassed
in a vacuum oven. Fig. 1 shows a drawing of the moulding device
used for manufacturing the composites. Firstly, bundles of fibre
strips were cut to a length of 140 mm. The bundles were aligned
in the mould chambers, and a press beam was placed on top of
the fibres in each chamber (Fig. 1a). Two insert beams (fixed onto
the mould) were used to fix the height of the mould chambers to
2 mm (Fig. 1b). The compaction of the fibres in the chambers by
the press beams was conducted by using manual clamps. There-
after, the entire mould was enclosed in a vacuum bag, and epoxy
resin was infused into the mould chambers at room temperature
(Fig. 1b). After curing for 12 h at 80 C, the composite specimens
with dimensions of 140 mm  10 mm  2 mm were demoulded.
Tabs with lengths of 50 mmwere mounted on the composite spec-
imens using epoxy glue (DP 460) (Fig. 1c). The applied method for
manufacturing composites is a modification of a method used by
Martin et al. [13].
By varying the amount of fibres (mf) in the mould chambers, the
fibre weight content in the composites was varied in the range
0–0.7 (0–70% w/w). The absolute volume of the composite
specimens (vc) was calculated based on their dimensions (length,
width and thickness). The density of the specimens (qc) was then
determined from their weight (mc). The fibre volume content (Vf)
was determined from the absolute fibre volume (vf) using Eq. (2).
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Vf ¼ v fvc ¼
mf
qf
mc
qc
¼ mf
mc
 qc
qf
ð2Þ
where the density of fibres was chosen as qf = 1500 kg m3 [14].
The matrix volume content (Vm) was determined from the absolute
matrix volume (vm) using Eq. (3).
Vm ¼ vmvc ¼
mm
qm
mc
qc
¼ mm
mc
 qc
qm
ð3Þ
where the density of matrix was measured to be qm = 1140 kg m3.
The porosity (Vp) was then determined using Eq. (4).
Vp ¼ 1 Vf  Vm ð4Þ
In the composites, the porosity Vp was assumed to be a linear
function of the fibre volume content Vf, where the established pro-
portionality constant is equal to the so-called fibre correlated
porosity factor apf [15]. This is expressed in Eq. (5).
Vp ¼ apf  Vf ð5Þ
2.2. Characterization and testing of fibres and composites
2.2.1. Mass loss of fibres
The mass loss of fibres after the treatments was calculated using
Eq. (6).
Mass loss ð%Þ ¼m0 w0 mw
m0 w0  100% ð6Þ
where m is mass (g), w is dry matter content (%), and the subscript 0
designates the condition before the treatments. The dry matter con-
tent (w, %) was determined using a HR83 Halogen Moisture Analy-
ser (Mettler Toledo).
2.2.2. Chemical composition of fibres
The dried bast fibres were ground with a microfine grinder (IKA,
MF 10.1; IKA-Werke GmbH) to a particle size of 1 mm. Ground
samples of about 3 g were extracted in a Soxhlet apparatus (Ger-
hardt EV6 ALL/16 No. 10-0012) for 5 h using a 300 cm3 solution
of toluene-ethanol-acetone (4:1:1 by volume). The extractive-free
fibres were dried at 50 C for 12 h. The chemical compositions of
the extractive-free fibres were analysed after acid hydrolysis by
high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD), as described in details by
Fig. 1. Schematic drawings of the moulding tool and procedure used for manufacturing of unidirectional hemp fibre/epoxy composite specimens. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Liu et al. [2]. In this study, it is considered that galacturonic acid,
rhamnose, galactose, and arabinose are specific to pectins, that glu-
cose belongs to the cellulose moiety, and that xylose and mannose
belong to the hemicellulose moiety.
2.2.3. Morphology of fibres
Samples with a size of 5 mm long  2 mm wide were cut from
the bast fibre strips under a stereo microscope for surface and cross
sectional observations by environmental scanning electron micro-
scopy (ESEM). The preparation of samples for microscopy followed
the procedure described in detail by Fernando and Daniel [16].
Observations were performed using a Philips XL 30 ESEM operated
at 10–15 kV.
2.2.4. Water retention value of fibres
The water retention value (WRV) of the fibres was determined
by subjecting water-saturated samples to a centrifugal force under
standard conditions using a 15 mm diameter centrifuge tube with
a special spacer and diameter of 1 mm drainage hole at the bottom
[17]. WRV is defined as the mass ratio of water retained in a sam-
ple after centrifugation to the dry mass of the sample. Measure-
ments were performed for each treatment in triplicate (0.5 g dry
fibres per replicate).
2.2.5. Tensile properties of fibres
Bast fibre strips (60 mm long  1 mm wide) with masses in the
range of 5–20 mg were used for tensile testing. Tabs were glued at
the end of each fibre strip using epoxy resin (DP 100) to have a con-
trolled gauge length. The preparation of specimens has been
described in detail by Liu et al. [3]. Tensile testing was done using
an Instron Testing Machine 2710-203 equipped with a 1 kN load
cell. The gauge length was 10 mm, and the displacement rate
was 0.5 mmmin1 (corresponding to a strain rate of 5% min1).
Tensile tests were carried out on 20 specimens for each treatment.
The cross-sectional area (Af) of the fibre strips was determined
using Eq. (7).
Af ¼ mfqf  lf
ð7Þ
where lf is the length of the fibre strip specimens. Based on the mea-
sured stress-strain curves, stiffness (linear regression in the strain
interval 0.05–0.25%), ultimate tensile strength (UTS), and failure
strain were determined.
2.2.6. Tensile properties of composites
For tensile testing of the composite specimens, an Instron Test-
ing Machine 5566 with a load cell of 10 kN was used. Two exten-
someters were used for strain measurements at a displacement
rate of 1 mmmin1 (corresponding to a strain rate of 2.5% min1).
Based on the measured stress-strain curves, stiffness (linear
regression in the strain interval 0.05–0.25%) (Ec) and strength
(UTSc) were determined. For each treatment, at least 10 specimens
with varied fibre content were tested. The rule of mixtures (ROM)
model was used to determine the effective fibre stiffness (Ef) and
fibre UTS (UTSf) or rf in the composites by linear regression versus
Vf using Eqs. (8) and (9), respectively [15], where the intercept was
set equal to the measured matrix stiffness (Em) and UTSm at the
average failure strain of the composites. Eqs. (4) and (5) were used
to include Vp in the calculation of Vm.
Ec ¼ Vf Ef þ VmEm
¼ Em þ Vf Ef  Emð1þ apf Þ
 
¼ Em þ Vf k
ð8Þ
UTSc ¼ VfUTSf þ VmUTSm
¼ UTSm þ Vf UTSf  UTSmð1þ apf Þ
 
¼ UTSm þ Vf k
ð9Þ
where the subscripts c, f and m indicate composite, fibres (effec-
tive), and matrix, respectively. k is the slope of the linear regression
line, i.e. of Ec vs. Vf and UTSc vs. Vf.
3. Results and discussion
3.1. Hydrothermal pre-treatment
3.1.1. Mass loss and chemical composition
Compared with the untreated samples, mass loss (%) of hemp
fibres during hydrothermal pre-treatment increased significantly
with treatment severity indicated as water vapour pressure above
the atmospheric pressure of 101.3 kPa (also mentioned as operat-
ing pressure) from 3% at 50 kPa, 4% at 100 kPa to 6% at 200 kPa
(Table 1). The data confirmed that as the operating pressure
increased from 50 to 200 kPa, pre-treatment became harsher (indi-
cated by the corresponding P-factor in Table 1 increasing from 1.8
to 14.7 h), which in itself increased removal of polysaccharides
from hemp fibres. A significant decrease in galacturonan content
in the pre-treated hemp fibres was observed with increasing pre-
treatment severity, from 8% for the untreated fibres to 6% at
50 kPa, 5% at 100 kPa and 4% at 200 kPa (Table 2).
In addition, a reduction in arabinan, galactan, xylan and Klason
lignin was noted with increasing pre-treatment severity (Table 2).
A gradual decrease in pH of the hydrolysates was noted with
increased pre-treatment severity (Table 1) from 6.0 at 50 kPa, 5.8
at 100 kPa, to 5.2 at 200 kPa. Acetic acid can be liberated from
the plant acetylated polysaccharides and galacturonic acid released
from pectins at elevated temperatures, which may result in a
decrease in the pH of the hydrolysates [18]. No or negligible
removal of cellulose (indicated by glucan content) was observed
after the hydrothermal treatment (Table 2). Overall, changes in
the chemical compositions of the fibres during hydrothermal treat-
ment mainly involved monomers of pectin at all the investigated
conditions.
3.1.2. Morphology
ESEM micrographs of untreated and hydrothermally pre-
treated hemp bast fibres showing fibre morphology changes at
transverse and longitudinal surfaces are depicted in Figs. 2 and 3,
respectively.
Fig. 2a shows transverse sections from untreated hemp stem
samples with intact bast fibres and, native cellular structures with
all the layers of epidermis and cortex (i.e. collenchyma cells, par-
enchyma cells and bast fibres) well organized and packed into a
rigid structure. In addition, intact parenchyma cells interspersed
among bast fibres and fibre bundles can clearly be seen holding
fibres together as in the living plant (indicated by black arrow-
heads). In contrast, for the hydrothermally treated hemp samples,
the epidermis was partly and/or completely gone (white double-
Table 1
Mass loss andWRV of fibres after hydrothermal pre-treatment at 50, 100 and 200 kPa.
Values are means (standard deviation) for 3 replicates. Shown are also the P-factor of
the treatments, and the pH of the hydrolysates. In each column, values that do not
share a letter are significantly different at a level of 5%.
Hydrothermal pre-treatment P-factor (h) pH Mass loss (%) WRV (%)
Untreated 0 6.5 0.0 (0)c 150 (20)b
H50 kPa 1.8 6.0 2.7 (0.6)b 330 (20)a
H100 kPa 4.3 5.8 4.4 (1.1)ab 320 (10)a
H200 kPa 14.7 5.2 6.0 (0.2)a 260 (10)a
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head arrows in Fig. 2b–d) and the bast regions (e.g. epidermis, cor-
tex and cambium) were opened up considerably (black arrows).
Opening of the bast regions was caused by changes to the cellular
structure, where disintegration of cells/tissues appeared to
increase with pre-treatment severity. Those changes in cellular
structure led to adjacent layers separating with intact native fibre
bundles.
Fig. 3 reveals significant physical microstructural changes to the
fibre surface during hydrothermal treatment. For untreated sam-
ples, fibre surfaces were fully covered with parenchyma cells/cell
residues (black arrowheads in Fig. 3a) with no or few voids
between fibres and/or fibre bundles. In contrast, hemp fibres
hydrothermally treated at 50 kPa (Fig. 3d) were covered with par-
enchyma cells that were partially broken down leading to the for-
mation of agglomerates (white arrows). The agglomerates gave the
appearance of impurities over the fibre surfaces (Fig. 3d).
In contrast to the samples treated at 50 kPa, fewer parenchyma
cell residues and smoother fibre surfaces were observed for sam-
ples treated at 100 kPa (Fig. 3g). The fibres treated at 200 kPa
(Fig. 3j) had very smooth and clean surfaces, with almost no impu-
rities. In general, the changes in hemp fibre morphology and chem-
ical structure during hydrothermal treatment may be attributed to
thermal softening of cell wall polymers, leading to loosening/
weakening and subsequent degradation in the water saturated
environment. Lignin in the outer plant cell wall is known to make
strong covalent cross-links with both protein and pectin, while
pectin links to proteins via ionic bonds [19].
As the temperature during the hydrothermal treatments was
above the glass transition temperature of in-situ lignin (the
lignin-softening temperature of wood in a wet environment is
80–100 C) [20], lignin softening and thermal degradation of cell
wall proteins and pectins presumably played a major role in loos-
ening and breaking up the rigid cell wall structure of the hemp
fibres. These structural alterations in turn presumably promoted
water uptake in hemicellulose and pectins in the loosened and
altered cell wall structure, leading to increased fibre swelling,
observed as increasing WRVs (Table 1). A similar cascade of events
has been reported for spruce fibre pulps [21]. Fibre swelling
favours thermal lignin-softening [22] and this combination of
events appears to have contributed to de-polymerization/decon
struction and removal of chemical components from the hemp
fibres.
3.1.3. Tensile properties of fibres
The mechanical properties shown in Table 3 suggest that
hydrothermal pre-treatment did not negatively impact the ulti-
mate tensile strength (UTS) of the hemp fibres until the operating
pressure reached 200 kPa (134 C), indicated by the significant
Table 2
Chemical composition of hemp fibres after hydrothermal pre-treatment of hemp stems at different operating pressures. Values are means (standard deviation) for 3 replicates. In
each column, values that do not share a letter are significantly different at a level of 5%.
Pre-treatment AmountA (%)
Glu GalA Rha Gal Ara Man Xyl Lignin
Untreated 67.2 (2.6)a 8.3 (0.4)a 0.7 (0.1)a 2.1 (0.1)a 1.2 (0.1)a 4.6 (0.2)a 1.3 (0.2)a 5.3 (0.2)a
H50 kPa 67.6 (0.4)a 5.8 (0.5)c 0.8 (0.0)a 2.1 (0.1)a 1.0 (0.2)ab 4.8 (0.1)a 1.1 (0.1)b 5.0 (0.1)a
H100 kPa 67.0 (1.3)a 4.5 (0.4)c 0.8 (0.0)a 1.8 (0.1)b 0.8 (0.1)b 4.5 (0.2)a 1.1 (0.1)b 4.6 (0.2)a
H200 kPa 71.7 (0.2)a 4.0 (0.1)c 0.5 (0.0)b 1.7 (0.1)b 0.7 (0.2)b 4.5 (0.1)a 1.1 (0.2)b 4.4 (0.2)a
A Glu – glucan, GalA – galacturonan, Rha – rhamnan, Gal – galactan, Ara – arabinan, Man – mannan, Xyl – xylan, Lignin – Klason lignin.
Fig. 2. ESEM micrographs showing cross sections of hemp bast fibre strip: (a) untreated, and after hydrothermal pre-treatments at (b) 50 kPa, (c) 100 kPa, and (d) 200 kPa.
Scale bar length = 25 lm.
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decrease in UTS from 770 MPa for untreated samples to 660 MPa.
No significant effect of hydrothermal treatment on fibre stiffness
was noticed, while a significant reduction in failure strain was
found after hydrothermal treatment, irrespective of operating
pressures from 5% for untreated samples to about 3% for all
hydrothermally treated samples (Table 3).
These results were consistent with the morphology and
structural changes during hydrothermal treatment (Figs. 2 and
3). During the hydrothermal pre-treatment, pectin and lignin were
depolymerized and/or removed from the fibre structure, particu-
larly in the ML between hemp fibres and/or fibre bundles;
therefore, partial breakdown of the parenchyma holding the bast
fibres was initiated. Compared to untreated fibres, the fibres
became more disintegrated after hydrothermal pre-treatment.
Thus, the binding between individual fibres or fibre bundles
became weaker, leading to the decrease in UTS and failure strain
(Table 3).
3.2. The effect of hydrothermal pre-treatment on subsequent
enzymatic retting
3.2.1. Mass loss and chemical composition
After hydrothermal pre-treatment, retting with pectinolytic
enzymes was conducted. As shown in Fig. 4a, the mass loss of
the hydrothermally treated samples during enzymatic retting
was significantly higher than that of untreated samples at a given
incubation time. Mass loss during enzymatic retting was also
found to increase with operating pressure of the hydrothermal
pre-treatment. No significant difference in the mass loss between
the samples that were hydrothermally pre-treated at 100 and
200 kPa was observed until enzymatic retting time reached
240 min. At 300 min, there was no apparent difference in mass loss
between the samples pre-treated at 50 and 100 kPa.
Hemp fibres hydrothermally pre-treated at 100 and 200 kPa
showed significantly lower (P < 0.05) galacturonan contents in
comparison with untreated samples at all investigated enzymatic
retting incubation durations (Fig. 4b). The most intensive reduction
of galacturonan content in the hemp fibres occurred during the ini-
tial 30 min of enzymatic retting (indicated by the slope of the
curves). Thereafter a slight decrease in galacturonan content was
Fig. 3. ESEM micrographs showing surfaces of hemp bast fibre strips after hydrothermal pre-treatment at different operating conditions and after enzymatic retting for
30 min (E30 min) and 300 min (E300 min). Scale bar length = 50 lm.
Table 3
Mechanical properties of fibres after hydrothermal pre-treatment at different
conditions and enzymatic retting for 90 min. Values are means (standard deviation)
for 20 replicates. For the same hydrothermal pre-treatment, values that do not share a
capital letter are significantly different at a level of 5%. For the same incubation time
with enzymes during enzymatic retting, values that do not share a small letter are
significantly different at a level of 5%.
Hydrothermal
pre-treatment
Enzymatic
retting
Stiffness
(GPa)
UTS
(MPa)
Failure
strain (%)
Untreated None 29 (5)ab A 770 (100)a A 5.1 (1.0)a A
H50 kPa None 31 (5)ab A 720 (80)a A 3.1 (1.0)b A
H100 kPa None 31 (6)a B 690 (120)ab A 2.9 (0.7)b A
H200 kPa None 28 (8)b A 660 (100)b A 2.9 (0.9)b A
Untreated E90 min 18 (4)c B 640 (60)b B 3.8 (0.9)a B
H50 kPa E90 min 29 (6)b A 670 (80)b A 2.9 (0.7)b A
H100 kPa E90 min 36 (5)a A 780 (120)a A 2.6 (0.9)b A
H200 kPa E90 min 26 (7)b A 650 (220)b A 3.0 (1.5)b A
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observed for all studied samples. Moreover, except for the appar-
ent changes in galacturonan contents, no noticeable changes in
glucan content were found (Fig. 4c). Previously reported hemp
fibres showed galacturonan contents of 3.6% after 20-day field ret-
ting [2], while our samples hydrothermally pre-treated at 100 and
200 kPa, even after only 90 min enzymatic retting, exhibited lower
galacturonan contents of 3% (Fig. 4b).
Overall, the results presented in Fig. 4 reveal that the accessibil-
ity of pectin in the hemp structure for pectinases was significantly
enhanced by the hydrothermal pre-treatment. For untreated hemp
fibres, the rigid intact cellular structure with little or no void spaces
in the stem structure (Fig. 3a) hindered enzyme access to the sub-
strates (e.g. pectin). However, once the barriers, such as parench-
yma cells were removed by hydrothermal treatment, the void
spaces between fibre bundles (Fig. 3) allowed enzymes to pene-
trate and access the fibre surface. When harsher conditions were
applied (200 kPa), increased removal of cell wall polymers and
structural changes resulted in enhanced enzymatic degradation
due to increasing substrate availability for the enzymatic reaction
(Fig. 4).
Enhanced enzyme accessibility in the hydrothermally pre-
treated samples was further corroborated by the increase in water
retention values (WRV) after hydrothermal treatment (Table 1).
The changes in WRV reflect the variations in the porous structure
of the cell walls, concerning both the size and volume of the pores
in the hemp bast structures created during hydrothermal treat-
ment [23,24]. A high WRV represents an enhanced porosity, with
large macro-pores within cell walls leading to improved enzyme
penetration, thereby increasing substrate accessibility. In contrast,
a low WRV indicates limited accessibility. As shown in Table 1,
WRVs for all the hydrothermally pre-treated samples were signif-
icantly higher (P < 0.05) than the untreated samples, supporting
this interpretation.
3.2.2. Morphology
ESEM micrographs indicated that there were no clear morpho-
logical changes in the untreated samples during enzymatic retting,
irrespective of incubation time, reflected by the equally abundant
presence of parenchyma cells on the fibre surfaces (black arrow-
heads in Fig. 3a–c). However, differences in the morphology during
enzymatic retting within the samples hydrothermally pre-treated
were observed: fibre surfaces had less surface impurities and fibre
separation became greater, as the durations of enzymatic retting
increased (Fig. 3d–l).
For samples hydrothermally pre-treated at 50 kPa, fewer impu-
rity residues were observed even after only 30 min of enzyme ret-
ting. After enzymatic retting for 300 min, clean and smooth
surfaces with well separated fibres were observed. These effects
were more pronounced for samples treated at 100 kPa, with dirt
free fibre surfaces resulting from a gradual decrease in the amount
of parenchyma cells and an increased number of loosened bast
fibres (Fig. 3h and i). Similar results were obtained for samples
treated at 200 kPa, while propagation of fractures between the bast
fibres and fibre separation appeared much greater (black arrows in
Fig. 3k and l).
3.2.3. Tensile properties of fibres
No clear changes in glucan and galacturonan contents were
recorded in the fibres after 90 min incubation with enzymes
(Fig. 4). Therefore, samples enzymatically treated for 90 min were
selected to investigate the effect of enzymatic retting on mechan-
ical properties as shown in Table 3. Enzymatic retting on untreated
(non-pretreated) fibres reduced the fibre strength from 770 MPa to
640 MPa and the stiffness from 29 GPa to 18 GPa. However, for
hydrothermally pre-treated fibres, the enzymatic retting did not
decrease the fibre strength. The hydrothermal pre-treatment at
100 kPa (H100 kPa) followed by enzymatic retting even increased
the strength to 780 MPa and stiffness to 36 GPa (Table 3). This
result indicated that the combination of 100 kPa hydrothermal
pre-treatment and enzymatic retting was optimal (Table 3). In
comparison, field retted fibres exhibited lower UTS of 680 MPa
and stiffness of 28 GPa [3].
The data in Table 3 showed thereby a systematic trend that
gradually more severe hydrothermal pretreatment induced a low-
ering of the UTS. It was also evident that the H200 kPa hydrother-
mal pretreatment caused the lowest UTS and stiffness for the fibres
both when no enzymatic treatment was employed and with the
subsequent enzymatic fibre treatment (Table 3). Untreated fibres
had good mechanical properties, but enzymatic treatment of
untreated fibres appeared to induce significant decreases in both
Fig. 4. Mass loss of fibres (a), galacturonan content (b) and glucan content (c) of
resultant fibres after enzymatic retting. For the same incubation time with
enzymes, values with different letters are significantly different at a level of 5%.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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stiffness and UTS (Table 3). Differences in the responses to enzyme
retting between hydrothermally treated and untreated fibres may
have been caused by the curing of depolymerized low molecular
aldehyde and phenolic functionalities acting as resins [25] and
redistribution/re-deposition of gel materials of pectin during dry-
ing. The resins and pectin can glue cellulose microfibrils together,
leading to a strong interface. On the other hand, these act as a bar-
rier, blocking large macro-pores created in the cell walls during
hydrothermal pre-treatment and thereby prevent enzymes pene-
tration and substrate degradation inside individual fibres. Conse-
quently, during enzymatic retting, the removal of pectin
primarily happened in ML, without dramatic effect on the binding
between the cellulosic microfibrils and non-cellulosic matrixes.
3.3. Tensile properties of hemp fibre/epoxy composites
Since the samples that had been hydrothermally pre-treated at
100 kPa and enzymatically treated for 90 min exhibited the highest
UTS and stiffness, these samples were assessed in hemp fibre/
epoxy composites. In Fig. 5, the start points of the ROMmodel lines
at Vf = 0 are showing the measured epoxy matrix stiffness (Em) and
UTS (UTSm) of 2.7 GPa and 27 MPa (at the average failure strain of
the composites of 1.0%), respectively. In comparison of the slopes
(k) established by linear regression of Ec and UTSc versus Vf, of
the composites with differently treated fibres, it was evident that
the composites containing hydrothermally pre-treated and enzy-
matically treated fibres (sample code H100 kPa + E90 min) had
the highest stiffness and UTS for all the tested Vf (Fig. 5). The ten-
sile property data of the composites also revealed that the compos-
ites with field retted hemp fibres had the lowest stiffness and UTS;
even lower than the composites containing the untreated hemp
fibres (Fig. 5). The effective fibre stiffness (Ef) and strength (UTSf)
was established via the ROM-model (Eqs. (8) and (9)). Ef was deter-
mined to be 65, 68, 74 and 51 GPa for the samples Untreated,
Untreated + E90 min, H100 kPa + E90 min, and Field retted, respec-
tively. UTSf was determined to be 560, 580, 620 and 470 MPa,
respectively.
Since enzymatic retting after hydrothermal pre-treatment pro-
duced higher improvement in the mechanical properties of the
hemp fibre/epoxy composites than the other fibre processing
methods, it indicates that the enzymatic removal of pectin
improved the effective mechanical properties of the hemp fibres
in the composites. At a fibre volume content of 0.50, the compos-
ites containing fibres hydrothermal pre-treated at 100 kPa and
enzymatically retted exhibited the highest tensile strength of
325 MPa and stiffness of 38 GPa, 31% and 41% higher, respectively,
compared to the field retted fibre composites (Table 4).
After pectin removal from hemp fibres, the improved mechani-
cal properties of randomly oriented hemp fibre/polypropylene
composites have been reported [4,5]. In those studies, different
chemical and enzymatic treatments resulted in composites with
a tensile strength of 40–48 MPa at fibre weight content of 0.40
compared to >205 MPa in this study (Fig. 5 at Vf = 0.4). The
improvement in the composite mechanical properties was due to
both the use of epoxy and unidirectional composites in this study.
3.4. Porosity in composites
Low porosity is a commonly applied criterion for high quality
composites. The porosity factors (apf) of the composites produced
with each type of hemp fibre were determined by Eq. (5) based
on the experimental values of Vp versus Vf. The model lines were
in good agreement with the experimental data points (Fig. 6). As
shown, field retted and untreated samples had the highest porosity
factors (up to 0.16), followed by enzymatically treated samples
(0.12) (Fig. 6). The composite made with hydrothermally pre-
treated and enzymatically retted fibres had the lowest porosity fac-
tor of 0.08 (Fig. 6), indicating the best impregnation of the hemp
fibres by the epoxy matrix.
Overall, the variation of the composite porosity factors with
fibre treatments was consistent with the observed morphology
(Figs. 2 and 3). The porosity of plant fibres is due to cell lumens
in fibre cells and parenchyma cells (Fig. 2) [15,26]. During enzy-
matic retting, parenchyma cells on the surface were partially
removed and the epidermis layer was eliminated, particularly for
the fibres treated with combined hydrothermal pre-treatment
and enzymatic retting. These changes in fibre morphology presum-
ably improved coherence between the matrix and the fibres;
porosity was thus reduced.
3.5. Environmental and economic consideration
Environmental and economic factors should be considered
when hemp fibre treatments are used on an industrial scale. Table 4
gives an assessment of environmental and economic factors, galac-
turonan content and mechanical properties for each fibre type and
their fibre/epoxy composites. Enzymatic retting alone, combined
hydrothermal pre-treatment and enzymatic retting, and field ret-
ting have relatively low environmental impacts. Traditional field
retting is normally the cheapest hemp fibre treatment method, fol-
lowed by enzymatic retting. The most effective method to remove
pectins from hemp structure (indicated by GalA) was hydrother-
mal pre-treatment (100 kPa) combined with enzymatic retting
(90 min), which resulted in composites with the highest tensile
strength (325 MPa) and stiffness (38 GPa) at a fibre volume content
of 0.50 (Fig. 5 and Table 4).
Fig. 5. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated
fibres versus fibre volume (Vf) contents (k is slope of linear regression model lines).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Hydrothermal pre-treatment is commonly applied in biorefin-
ing schemes, such as 2nd generation bioethanol production. In 2nd
generation bioethanol production, much higher pre-treatment
temperatures (170–200 C) and pressures (1000–1600 kPa) are
usually applied [7,8] compared to the hydrothermal pre-
treatment conditions (121 C, 100 kPa) employed in this study.
The hydrothermal pre-treatment used here is therefore considered
as an inexpensive pre-treatment compared to the one used in the
production of 2nd generation bioethanol.
4. Conclusion
An efficient methodology combining hydrothermal pre-
treatment and subsequent enzymatic retting for the production
of cellulose rich fibres from hemp without damaging fibre mechan-
ical properties was reported in this study. Hydrothermal pre-
treatment at 100 kPa for 30 min, followed by a 90 min pectinolytic
enzyme treatment resulted in hemp fibres with low pectin con-
tents (3%), high UTS (780 MPa) and high stiffness (36 GPa). These
fibres could be used to make fibre/epoxy composites with UTS of
325 MPa and stiffness of 38 GPa at a fibre volume content of
0.50, which was the best mechanical properties produced in this
study.
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The objective of this study was to investigate the effect of pectin and hemicellulose removal from hemp
fibres on the mechanical properties of hemp fibre/epoxy composites. Pectin removal by EDTA and endo-
polygalacturonase (EPG) removed epidermal and parenchyma cells from hemp fibres and improved fibre
separation. Hemicellulose removal by NaOH further improved fibre surface cleanliness. Removal of epi-
dermal and parenchyma cells combined with improved fibre separation decreased composite porosity
factor. As a result, pectin removal increased composite stiffness and ultimate tensile strength (UTS).
Hemicellulose removal increased composite stiffness, but decreased composite UTS due to removal of
xyloglucans. In comparison of all fibre treatments, composites with 0.5% EDTA + 0.2% EPG treated fibres
had the highest tensile strength of 327 MPa at fibre volume content of 50%. Composites with 0.5% EDTA
+ 0.2% EPG? 10% NaOH treated fibres had the highest stiffness of 43 GPa and the lowest porosity factor
of 0.04.
 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Cellulosic fibres are natural resources with important proper-
ties such as low density, high specific tensile strength and stiffness,
and a high aspect ratio (average length over diameter of the fibres)
[1]. Due to these properties and concerns about the environment,
the application of natural cellulosic fibre reinforced polymer com-
posites has received considerable attention in recent years [2,3].
Hemp (Cannabis sativa) is a fast growing crop, which produces
strong fibres that primarily lie beneath the epidermis in the cortex
and form a ring in the phloem parenchyma [4]. Like wood fibres,
hemp fibre cell walls are natural composites composed mainly of
three classes of polysaccharides: cellulose, hemicellulose and pec-
tins. Cellulose consists of b-1,4-linked glucan chains and is orga-
nized into microfibrils interlocked by xyloglucan (XG) [5]. The
cellulose microfibrils and the cross-linked XG chains are generally
considered as the two main components which provide cell wall
strength. Pectins fill the spaces between cellulose and XG [5].
The pectins function as glue packing the microfibrils into final
fibres that are approx. 20 mm in length and 10–40 lm in diameter
[6]. The fibres make up the fibre bundles with varied sizes which
are in turn organized into a fibre layer inside the cortex. Pectins
and lignin in the middle lamellae (ML) join the fibres together
[4,7].
The most abundant pectic polysaccharide in plant cell walls is
homogalacturonan (HG), which is a linear homopolymer of a-
1,4-linked galacturonic acid that comprises approx. 70% of pectin.
Besides HG, the pectic polysaccharides are mainly comprised of
rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG II).
RG I represents 20–35% of pectic substrates and consists of a
backbone of alternating a-1,4-D-galacturonic acid and a-1,2-L-
rhamnose units; the latter are usually decorated with homopoly-
meric side chains of b-D-galactose and a-L-arabinose [8]. RG II
makes up 5–10% of the pectin, and consists of a HG backbone of
1,4-linked a-D-galacturonic acid residues decorated with different
types of side branches [9].
The physicochemical properties of pectin are largely dependent
on the degree of methyl and acetyl esterification. Low-methoxyl
(LM) pectin (i.e. HG) has sufficient carboxyl groups for the forma-
tion of calcium-mediated interactions between two neighbouring
pectin chains, as described by the ‘‘egg-box” model [10]. However,
high-methoxyl (HM) pectin does not contain sufficient polygalac-
turonic acid residues un-methylated at the C-6 position to form a
stable structure through calcium-mediated interactions. Instead,
hydrogen bonding and hydrophobic interactions have been
http://dx.doi.org/10.1016/j.compositesa.2016.08.037
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suggested important forces in maintaining a stable structure for
HM-pectin [11,12].
The principle behind fibre processing for the application of nat-
ural fibres in composites is to remove the non-cellulosic compo-
nents (e.g. pectin, hemicellulose and lignin) to obtain well
separated and cellulose rich fibres before use as reinforcement in
composites. Traditional fibre processing methods such as field ret-
ting and water retting, however, are largely dependent on weather
conditions (especially rainfall and temperature) and may damage
the fibres if fibres are over retted [4,13]. Enzymatic treatment,
involving mainly pectinolytic enzymes, may offer an alternative
method to degrade pectin from hemp fibre strips and provide a
solution to the limitations of traditional fibre retting methods.
In treatment of fibre with enzymes, pectic polymers are
released from ML and fibre cell walls by using pectinases (e.g.
endo-polygalacturonase) that randomly hydrolyze the glycosidic
bonds of the HG backbone to liberate monomeric, dimeric or oligo-
meric fragments [14]. Addition of chemical chelators (e.g.
ethylenediaminetetraacetic acid (EDTA)) has been shown to pro-
mote enzyme catalyzed degradation of HG from cellulosic fibres
during enzymatic treatments [15,16]. The enhanced enzymatic
degradation of HG results from the capacity of chemical chelators
to form complexes particularly with calcium in pectin [17]. Fur-
thermore, alkaline extraction with 10% NaOH is widely used for
the isolation of hemicellulose from lignocellulosic biomass to
obtain cellulose of high purity [18].
The objective of this study was to investigate the effect of
sequential removal of pectin (e.g. homogalacturonan) and hemicel-
lulose (e.g. xyloglucan) on the mechanical properties of fibres and
their subsequent use in unidirectional hemp fibre/epoxy compos-
ites. Pectin removal from hemp fibres was carried out using EDTA
alone and in combination with monoactive pectinase enzyme. In
some experiments hemicellulose was also sequentially removed
using 10% NaOH.
2. Materials and methods
2.1. Raw material and processing
2.1.1. Plant material
Hemp (Cannabis sativa L.), variety USO-31, was grown in France
(N48.8526, E3.0190(WGS84)) as described in detail by Liu et al.
[4]. Hemp stem pieces with a length of 150 ± 10 mm were ran-
domly collected from the stems. Before treatment, hemp bast fibre
strips were manually peeled from the stem pieces, gently rinsed
with warm water (40 C) to remove dirt and then dried at 50 C
for 12 h. Field retting was carried out on whole stems for 20 days
after harvest [4] as a comparison to the treatments investigated
in this study.
2.1.2. EDTA treatment
EDTA treatment was carried out on bast fibre strips using differ-
ent concentrations of EDTA (C10H14N2Na2O82H2O) (0.5, 0.75, 1, 2,
and 3%, w/v) for 4 h in a water bath at 40 C and agitation of
100 rpm. The liquid (cm3) to fibre (g) ratio was 40:1. Before treat-
ment, the pH of the EDTA solution was adjusted to 6.0 with
5 mol dm3 NaOH. Each treatment was done in triplicate (4 g bast
fibre strips/replicate). At the end of each treatment, the wet bast
fibre strips were rinsed with MilliQ water and then dried at 50 C
for 12 h.
2.1.3. Enzymatic treatment
Enzymatic treatments using monoactive endo-
polygalacturonase (EPG) with and without EDTA were performed
on hemp bast fibre strips. The enzymatic treatments were carried
out for 4 h at pH 6.0 in 25 mmol dm3 citrate buffer in a water bath
at 40 C and agitation of 100 rpm. The liquid (cm3) to fibre (g) ratio
wasmaintained at 40:1. For enzymatic treatment in the presence of
EDTA, 0.5% EDTAwas added to enzyme solutions, and pHof themix-
ture was adjusted to 6.0 with 5 mol dm3 NaOH.
The recombinant EPG was applied at a dosage of 0.2% (g pro-
tein/g dry matter). The EPG, derived originally from Emericella
nidulans, was produced by fermentation of a Pichia pastoris clone
(principally as described previously [19]) transformed with the
gene AN4372.2 obtained from the Fungal Genetic Stock Center,
Kansas State University, USA [20]. After the fermentation, the
supernatant was recovered by centrifugation, and then subjected
to a 0.4-lm sterile filtration, and finally the concentrated enzymes
(or crude enzyme) after ultrafiltration with a 10 kDa cutoff mem-
brane (Millipore, Sartorius) were used. At the end of enzyme treat-
ment, the wet bast fibre strips were rinsed with MilliQ water and
then dried at 50 C for 12 h. Control treatments (i.e. without
enzymes) were performed under the same conditions to determine
the influence of non-enzymatic processing.
Using the above conditions, the activity of EPG was 945 U cm3
(17 U mg1 protein). The EPG activity was determined by measur-
ing formation of reducing ends using 2 g dm3 polygalacturonic
acid as substrate [21] with enzyme to substrate ratio of 5:1 (v/v).
The amount of reducing sugars that were liberated was measured
by using 4-hydroxybenzoic acid hydrazide (PAHBAH) as colorimet-
ric agent and glucose as standard [22]. One unit (1 U) of EPG activ-
ity is defined as the volume of the crude enzyme solution (cm3)
required to liberate 1 lmole reducing ends (glucose equivalents)
per minute under the conditions applied in enzyme treatment. Pro-
tein content of the crude enzyme solutions was determined
according to Bradford [23] using Bovine serum albumin as
standard.
2.1.4. Sodium hydroxide treatment
After treatment with 0.5% EDTA and 0.2% EPG, the bast fibres
were treated with 10% NaOH in tight plastic bags and held for
4 h in a water bath at 60 C and agitated of 100 rpm. The liquid
(cm3) to fibre (g) ratio was 40:1. At the end of each treatment,
the wet bast fibre strips were rinsed with MilliQ water and dried
at 50 C for 12 h.
2.1.5. Manufacturing of composites
The treated hemp bast fibre strips were manually aligned to
allow the fibres to be processed into unidirectional composites.
Bundles of fibre strips were firstly cut to a length of 140 mm,
and the fibre strips were then justified to a bunch of fibre strips
with masses in the range 0.6–2.3 g. Bunches of fibre strips were
then put in each mould chamber. Afterwards, a press beam was
placed on the top of the fibre strips in each chamber, and two
insert beams were used to fix the height of the mould chambers
to 2 mm. Epoxy resin (Araldite LY 1568) and its amine hardener
(Aradur 3489) were mixed at a 100/28 mass ratio and degassed
in a vacuum oven. The setup for the vacuum infusion and moulding
processing has been described by Liu et al. [24]. After demoulding,
composite samples with dimensions 140 mm  10 mm  2 mm
were obtained and then glass fibre/epoxy tabs with lengths of
50 mm were mounted on composite specimens using epoxy glue
(DP 460).
2.2. Characterization and testing of fibres and composites
2.2.1. Chemical composition analysis
The dried bast fibres were ground with a microfine grinder (IKA,
MF 10.1; IKA-Werke GmbH) to a particle size of 1 mm. Ground
samples were extracted in a Soxhlet apparatus as described by
Liu et al. [4], and then the extractive-free fibres were hydrolysed
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using a two-step sulfuric acid process [25]. The chemical composi-
tion of the hydrolysates was analysed by high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) [26]. Generally, arabinose, galactose, galacturonic
acid and rhamnose were considered to be specific to pectins, xylose
and mannose to the hemicellulose moiety and glucose to the cellu-
lose moiety.
2.2.2. Calcium content determination
After EDTA treatment, the solution collected was analyzed with
a Perkin-Elmer (Model 200) atomic absorption spectrometer (AAS)
in emission mode (wavelength 422.7 nm, air-acetylene flame) to
determine the amount of calcium released during treatment. Cal-
cium standard solutions over the range 0–5 mg dm3 of Ca2+ were
used for calibration. For both samples and standards,
0.175 mol dm3 HNO3 and 0.1% La/Cs were added before analysis.
2.2.3. Morphology of fibres and composite specimens
Fibre samples of size 5 mm  2 mm (long wide) were cut
from bast fibre strips under a stereo microscope for subsequent
observations of fibre surface and cross section using environmental
scanning electron microscopy (ESEM). Preparation of samples for
microscopy followed the procedure described by Fernando and
Daniel [27]. Observations were performed using a Philips XL 30
ESEM operated at 10–15 kV. The observation of composite speci-
mens was performed in the same way as fibre samples.
2.2.4. Tensile properties of fibres
Bast fibre strips (60 mm long  1 mm wide) of mass in the
range of 5–20 mg were used for tensile testing. The preparation
of test specimens has been described by Liu et al. [4]. Tensile test-
ing was performed using an Instron Testing Machine 2710-203
equipped with a 1 kN load cell. The gauge length was 10 mm and
the displacement rate was 0.5 mmmin1 (corresponding to a
strain rate of 5% min1). Tensile testing was performed on 20 spec-
imens for each treatment. The cross-sectional area (Af) was deter-
mined from measured fibre mass and fibre length, and an assumed
fibre density (i.e. 1.5 kg dm3 [28]). Stiffness (linear regression in
the strain interval 0.05–0.25%), ultimate tensile strength (UTS)
and failure strain were determined based on the measured
stress-strain curves.
2.2.5. Volumetric composition of composites
By varying the amount of fibres (mf) in the mould chambers, the
fibre weight content (wf) in the composites was varied in the range
0–0.70. When Wf was below 0.30, the composite specimens were
found to have irregular surfaces, and their thickness could not be
measured accurately. For these cases, composite density (qc) was
determined by the buoyancy method (Archimedes principle) using
water as displacement medium. When Wf was above 0.30, the
composite specimens had flat surfaces, and qc could be accurately
calculated based on their dimensions (i.e. length, width and
thickness).
The volumetric composition of composite samples was deter-
mined as described by Liu et al. [24]. In the composites, the poros-
ity (Vp) was assumed to be a linear function of the fibre volume
content (Vf), where the established proportionality constant is
equal to the fibre correlated porosity constant apf [1]. This is
expressed in Eq. (1). The matrix correlated porosity factor (apm)
was assumed to be zero.
Vp ¼ apf  Vf ð1Þ
2.2.6. Tensile properties of composites
For tensile testing of the composite specimens, an Instron
Testing Machine 5566 with a load cell of 10 kN was used. Strain
measurements were conducted using two extensometers and a
displacement rate of 1 mmmin1 (corresponding to a strain rate
of 2.5% min1). Based on the measured stress-strain curves,
composite stiffness (Ec) (linear regression in the strain interval
0.05–0.25%) and tensile strength (rc or UTS) were determined.
For each treatment, at least 10 specimens with varied fibre content
were tested. The rule of mixtures (ROM) model [1] was used to
determine the effective fibre stiffness (Ef) and strength (rfu) in
the composites by linear regression versus fibre volume content
(Vf) using Eqs. (2) and (3), respectively. The intercept was set equal
to the measured matrix stiffness (Em) and strength rm
 
at the
average failure strain of the composites.
Ec ¼ Vf Ef þ VmEm ¼ Em þ Vf Ef  Emð1þ apf Þ
  ¼ Em þ kVf ð2Þ
rc ¼ Vfrfu þ Vmrm ¼ rm þ Vf rfu  rmð1þ apf Þ
  ¼ rm þ kVf ð3Þ
where the subscripts c, f and m indicate composite, fibre, and
matrix, respectively. k is the slope of the linear regression line, i.e.
of Ec vs. Vf and rc vs. Vf. Effective fibre stiffness (Ef) and tensile
strength (rfu) can thus be calculated from Eqs. (2) and (3) at
Vf = 1.0 by linear extrapolation.
3. Results and discussion
3.1. Pectin and hemicellulose removal from hemp fibres
Galacturonan content (GalA) of untreated hemp fibres of 8% was
significantly decreased to 6% for 0.5% EDTA treated fibres, to 5% for
0.75% EDTA treated fibres, and finally to a little below 5% for 2%
EDTA and 3% EDTA treated fibres (Table 1). In addition, there was
a slight decrease in arabinan content, irrespective of the concentra-
tion of EDTA used in the treatments. No significant changes
occurred to other components (Table 1).
The results are presumably due to the gradual increase in the
removal of Ca2+. During EDTA treatment, Ca2+ in the hemp struc-
ture will tend to bind with EDTA through proton displacement
from the nitrogen atoms in preference to the carboxylate of pectin
because there are two strong electron donors of nitrogen atoms for
each EDTA molecule [17,29]. As a result of the competition
between EDTA (in its alkaline salt form, EDTA-2Na2H2O) and
non-esterified carboxyl groups of pectin in binding calcium, more
calcium was released with increase in the concentration of EDTA
from 6 (mg/100 g dry matter) for the control treatment, to 490
(mg/100 g dry matter) for 0.5% EDTA treatment, and finally to
about 800 (mg/100 g dry matter) for 2% and 3% EDTA treatments
(Fig. 1a), respectively. When Ca2+ was gradually removed from
the hemp fibres, the structure of pectin became unstable, resulting
in partial removal of pectin from hemp bast fibre strips and in par-
ticular removal of the low-methoxyl pectins (LM-pectin).
In general, the results shown in Table 1 demonstrate that EDTA
treatment mainly affects homogalacturonan (HG) through calcium
removal. Results shown in Fig. 1b further confirm that GalA
removal correlates linearly with calcium removal by EDTA and
has a slope of 1.0. The ratio of released calcium during EDTA treat-
ment and the total galacturonan content in hemp fibres was found
to increase from 0 for the control treatment (0% EDTA) to 0.30 for
0.5% EDTA treatment, and finally to approx. 0.47 for 2% and 3%
EDTA treatment (Fig. 1c). According to the interaction between
pectin and divalent cations, which mainly refers to calcium
described by the ‘‘egg-box” model, the calcium to galacturonan
ratio would be 0.50 for non-acetylated HG [30,31]. The results
shown in Table 1 and Fig. 1 demonstrate that pectin could only
be partially removed by EDTA treatment under the conditions
applied, even though most of the calcium in hemp fibres was
removed by EDTA. Furthermore, results shows that non-
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acetylated HG is the main component of the pectin in hemp bast
fibres.
As shown in Fig. 1, the amount of calcium released during the
control treatment (i.e. 0% EDTA) can largely be ignored compared
to the experimental groups. In the following study, EDTA and enzy-
matically treated samples were therefore directly compared with
untreated hemp fibres.
Treatment with 10% NaOH was subsequently carried out on the
treated hemp fibres using a combination of 0.5% EDTA and 0.2%
EPG to remove hemicellulose (e.g. xyloglucan, glucomannan and
mannan) from the hemp fibres. After the alkali treatments, most
of the monosaccharides which belong to the hemicellulose moiety
(e.g. xylose and mannose) were removed (Table 1), resulting in
very low contents of xylan (0.2%) and mannan (1.7%).
3.2. Morphology of fibres after pectin and hemicellulose removal
Fig. 2a illustrates a transverse section of a field retted sample
with a partially removed epidermis layer and intact bast fibres.
Fig. 2b shows a transverse section of untreated hemp with intact
bast fibres, including native cellular structures with epidermis
and bast fibre layers well organized and packed into a rigid struc-
ture. Intact parenchyma cells interspersed between bast fibres can
be clearly seen holding the fibres together as in the living plant. By
contrast, the epidermis was partly removed (green double-headed
arrows in Fig. 2c–g) for EDTA, enzyme and NaOH treated samples.
In addition, some parenchyma cells in cross sections of samples
treated with a combination of EDTA and EPG were removed (red
arrows in Fig. 2f). More parenchyma cells were removed from sam-
ples that were further treated with 10% NaOH, which caused the
bast fibre region to open considerably (red arrows in Fig. 2g) and
resulted in small fibre bundles and large void spaces between
fibres/fibre bundles.
Significant physical microstructural changes occurred in the
fibre surface during EDTA, enzymatic and alkali treatments.
Fig. 3a shows that the surfaces of field retted fibres were covered
with a large number of microorganisms and parenchyma cell resi-
dues (magenta arrowheads). By contrast, the surfaces of untreated
fibres were covered with parenchyma cell residues (magenta
arrowheads in Fig. 3b) without void spaces between fibres and/or
fibre bundles. The surfaces of samples treated with 1% EDTA
showed that areas initially covered with parenchyma cells were
partially broken down. As a result, large void spaces between
neighbouring fibres and/or fibre bundles (blue arrows in Fig. 3c)
were observed, and many parenchyma cell residues still remained
on fibre surfaces (magenta arrowheads in Fig. 3c). This gave an
appearance of impurities on fibre surfaces. Treatment with 2%
EDTA showed similar features as for 1% EDTA treated fibres but
resulted in improved fibre separation (blue arrows in Fig. 3d) with
more void spaces between fibres.
Table 1
Chemical composition of hemp fibres treated with different concentrations of EDTA. Values are means (standard deviation) for 3 replicates. Values in each column that do not
share a letter are significantly different at the 5% level.
Fibre sample Amount (%)1
Ara Gal Glu Xyl Man GalA
Field retted 0.6cd (0.1) 2.0a (0) 66.9b (1.2) 1.0 (0.2)a 3.9b (0.2) 3.6d (0.4)
Untreated 1.2a (0.1) 2.1a (0.1) 67.2b (2.6) 1.3 (0.2)a 4.6ab (0.2) 8.3a (0.4)
0.5% EDTA 0.8bc (0.1) 2.1a (0.1) 67.6b (1.6) 1.0 (0.1)a 5.2a (0.1) 5.9b (0.3)
0.75% EDTA 1.0ab (0.0) 2.0a (0.1) 72.5b (4.7) 1.3 (0)a 4.9ab (0.1) 5.3bc (0.2)
1.0% EDTA 0.9b (0.0) 2.0a (0.1) 70.2b (4.3) 1.1 (0.1)a 5.4a (0.1) 4.7cd (0.2)
2.0% EDTA 1.0b (0.1) 2.0a (0.0) 70.0b (3.6) 1.0 (0.1)a 5.0a (0.1) 4.6cd (0.4)
3.0% EDTA 1.0b (0.1) 2.1a (0.1) 71.8b (1.6) 1.3 (0.1)a 5.0a (0.1) 4.4cd (0.2)
0.2% EPG 0.9b (0.1) 1.9ab(0.1) 70.6b (0.5) 1.1 (0.1)a 5.0a (0.1) 4.8c (0.4)
0.5% EDTA + 0.2% EPG 0.8bc (0.1) 1.7b (0.3) 73.8b (3.0) 1.0 (0.1)a 4.6ab (0.4) 2.1e (0.4)
0.5% EDTA + 0.2% EPG? 10% NaOH 0.5d (0.1) 1.7b (0.1) 85.6a (0.6) 0.2 (0)b 1.7c (0.1) 1.5e (0.1)
1 Ara-arabinan, Gal-galactan, Glu-glucan, Xyl-xylan, Man-mannan, GalA-galacturonan.
Fig. 1. Calcium released into treatment solutions vs. concentration of EDTA (a);
correlation between galacturonic acid released and calcium released from hemp
fibres (b), and variation of the ratio of calcium released and total galacturonan
content of untreated fibres (c) during EDTA treatment. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Hemp fibres treated with EPG only had a smooth surface with
fewer impurities compared to EDTA treated samples; parenchyma
cell residues were still visible on fibre surfaces (magenta arrow-
heads in Fig. 3e) and few void spaces between fibres and/or fibre
bundles were observed. By contrast, treatment with a combination
of 0.5% EDTA and 0.2% EPG produced the best fibre separation (blue
arrows in Fig. 3f), and fibre separated from fibre bundles were
clearly observed (Fig. 3f). However, the surfaces of the separated
fibres were found to be covered with impurities (Fig. 3g).
Better fibre separation (Fig. 3h) and much cleaner fibre surfaces
(Fig. 3i) were achieved after samples were further treated with
10% NaOH.
Fig. 2. ESEM micrographs showing cross sections of hemp bast fibre strips: field retted (a), untreated (b), 1% EDTA treated (c), 2% EDTA treated (d), 0.2% EPG treated (e), 0.5%
EDTA + 0.2% EPG treated (f), and 0.5% EDTA + 0.2% EPG? 10% NaOH treated (g). Green double-headed arrows show the epidermis layer; red arrows show separated fibres and
open spaces between fibres. Scale bar in (a) is 25 lmwith the same magnification for the other images. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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The changes in fibre morphology can be explained by the vari-
ation in pectin and hemicellulose content of hemp fibres during the
EDTA, enzyme and alkali treatments (Table 1). When fibres were
treated with EDTA or EPG alone, only a small amount of pectin
was removed. By contrast, when hemp fibres were subjected to a
mixture of EDTA and enzyme, a significantly greater amount of
Fig. 3. ESEMmicrographs showing surfaces of hemp bast fibre strips: field retted (a), untreated (b), 1% EDTA treated (c), 2% EDTA treated (d), 0.2% EPG treated (e), 0.5% EDTA
+ 0.2% EPG treated (f)–(g), and 0.5% EDTA + 0.2% EPG? 10% NaOH treated (h)–(i). Magenta arrowheads show parenchyma cell residues on fibre surface; blue arrows show
separated fibres and open spaces between fibres. Scale bar in (a) is 50 lm with the same magnification for (b)–(e). Scale bar in (g) and (i) is 10 lm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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pectin was degraded (Table 1) which resulted in weaker bonding
between neighbouring cells (i.e. fibre  fibre cell, fibre  parench-
yma cell). Consequently, an improvement in fibre separation and
fewer parenchyma cell residues were observed (Fig. 3f). After sam-
ples were further treated with 10% NaOH, the XG chains and other
components of hemicellulose were also removed (Table 1), and
thus cleaner fibre surfaces were observed (Fig. 3h and i).
3.3. Tensile behaviour of fibres
As shown in Table 2, stiffness, UTS and failure strain of fibres
decreased after EDTA, enzyme and alkali treatments. After EDTA
treatments, stiffness and UTS of fibres decreased, respectively,
from 29 GPa and 770 MPa for the untreated samples, to
25 GPa and 580 MPa for 1% EDTA treated fibres and finally to
15 GPa and 340 MPa for 3% EDTA treated fibres. After enzyme
treatment, the stiffness and UTS of fibres decreased, respectively,
from 24 GPa and 680 MPa for 0.5% EDTA treated fibres, and
from 17 GPa and 640 MPa for samples treated with 0.2% EPG
alone, to 15 GPa and 560 MPa for samples treated with 0.5%
EDTA combined with 0.2% EPG. The stiffness and UTS of field retted
samples were determined as 28 GPa and 683 MPa.
The changes in tensile properties of hemp fibres caused by
EDTA and enzyme treatments can be explained by the removal of
pectins from hemp fibres (Table 1). Hemp bast fibres can be seen
as a natural composite of cellulose microfibrils and matrices of
non-cellulosic components, whose mechanical properties are gov-
erned not only by the cellulose microfibrils, but also by the coher-
ence between the cellulose microfibrils and the matrices. As
pectins are gradually removed from hemp fibres with increasing
concentration of EDTA or the addition of EPG, the bonding (or
interface) between cellulose microfibrils and the non-cellulosic
matrices becomes weaker and thus the mechanical properties
decrease.
The weakened interface between cellulose microfibrils and
matrices of the non-cellulosic matrices may also be confirmed by
changes in the tensile behaviour of resultant fibres. The tensile
behaviour of the resultant samples varied greatly after the differ-
ent fibre treatments. As shown in Fig. 4a, three types of tensile
behaviour were observed. The first behaviour (type I) is linear elas-
tic, where the stress-strain curve is a straight line. The second
behaviour (type II) includes some plastic flow as indicated by a
slightly bent progress curve. The two types of tensile curves have
been reported in previous studies on untreated hemp fibres [7].
Type III behaviour, characterized by a non-linear region in the
earlier stage of loading, has also been observed for both hemp
[32] and flax fibres [33]. The non-linear region during the begin-
ning of deformation was ascribed to the sliding of microfibrils
together with their progressive alignment along the fibre towards
the direction of external load [34]. More samples tended to demon-
strate type III behaviour with increase in concentration of EDTA
and with presence of EPG during treatment with 0.5% EDTA. This
was indicated by the increase in percentage of tested fibres follow-
ing a type III behaviour from 0% for untreated samples to approx.
20% for 0.5% EDTA treated samples, to 44% for 1.0% EDTA treated
samples, and finally almost to 60% for both 2 and 3% EDTA treated
fibres (see Fig. 4b). The shifting of tensile behaviour of treated
fibres from type I and II to type III confirms the above explanations
that decreased bonding between cellulose microfibrils and non-
cellulosic components causes a decrease in fibre mechanical prop-
erties (Table 2).
After the fibres were treated with 10% NaOH following treat-
ment with 0.5% EDTA and 0.2% EPG, there was no apparent change
in stiffness of fibres but the UTS of fibres decreased from 556 MPa
to 432 MPa. The tensile behaviour of alkali treated fibres also
demonstrated type I, II and III behaviours with about 25% tested
fibres following type I, 45% of tested fibres following type II, and
the rest following type III behaviour (Fig. 4b). The decrease in the
UTS of fibres can be explained by the removal of XG chains, which
are considered as a strengthening component of fibre cell walls [5].
Table 2
Mechanical properties of hemp fibres treated with different concentrations of EDTA.
Values are means (standard deviation) for 20 replicates. Values in the column that do
not share a letter are significantly different at the 5% level.
Fibre sample Mechanical properties
Stiffness (GPa) UTS (MPa) Failure strain (%)
Field retted 27.5ab (4.6) 683ab (107) 4.5ab (1.2)
Untreated 28.5a (2.9) 772a (103) 5.1a (0.9)
0.5% EDTA 24.1c (5.4) 675abc (87) 3.1cd (0.7)
0.75% EDTA 22.0c (4.4) 578cde (49) 3.3cd (1.0)
1.0% EDTA 24.5bc (6.4) 584cde (108) 2.8d (1.0)
2.0% EDTA 14.5d (5.3) 493e (81) 3.6bcd (0.5)
3.0% EDTA 15.2d (5.2) 337f (138) 3.3cd (0.7)
0.2% EPG 17.2d (3.8) 643bcd (49) 3.7bcd (0.6)
0.5% EDTA + 0.2% EPG 15.2d (4.0) 556de (138) 4.1abc (1.1)
0.5% EDTA + 0.2% EPG?
10% NaOH
13.8d (2.3) 432f (86) 4.1abc (1.0)
Fig. 4. Typical stress-strain curves of hemp fibres (a) after different treatments, and
percentage of each type stress-strain curves for differently treated fibres (b). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3.4. Composite porosity
Plant fibre composites contain a relatively large amount of
porosity because plant fibres have voids in fibre, epidermal and
parenchyma cells. The presence of voids, especially in epidermis
and parenchyma cells, is likely to cause insufficient coherence
between fibres and matrices in composites. The insufficient coher-
ence produces un-impregnated fibres. This is assumed to lead to
stress concentrations and influence the mechanical performance
of the composites [1,24]. The fibre correlated porosity factor (apf)
of composites manufactured using the differently treated hemp
fibres was determined based on the experimental values of Vp
and Vf using Eq. (1) (Fig. 5). As shown, composites with field retted
and untreated fibres had the highest porosity factor of about 0.16.
By contrast, composites with EDTA and enzyme treated hemp
fibres had much lower porosity factors. Porosity factors decreased
from 0.14 for composites with 1% EDTA treated fibres to 0.12 with
3% EDTA treated fibres and enzyme treated fibres, then to 0.09 with
fibres treated with 0.5% EDTA and 0.2% EPG together, and finally to
0.04 with fibres treated with 0.5% EDTA and 0.2% EPG followed by
10% NaOH. By comparison, the porosity factor for composites with
hydrothermally pretreated and enzymatically treated fibres has
been reported as 0.08 [24].
Fig. 6 shows voids presented at cross sections of composite
specimens with differently treated fibres. As shown, voids of com-
posites are mainly located at epoxy/epidermis, epidermis/fibre,
fibre/fibre, and fibre/epoxy interfaces and inside fibre cell walls
(as lumen). Composites with field retted fibres exhibited a large
quantity of voids located at epidermis/epoxy, epidermis/epidermis,
epidermis/fibre, fibre/fibre interfaces and inside fibres (Fig. 6a).
Similar results were observed for composites with untreated fibres
(Fig. 6b). Composites with 0.5% EDTA treated fibres (Fig. 6c), 3%
EDTA treated fibres (Fig. 6 d) and 0.2% EPG treated fibres (Fig. 6e)
showed less voids due to removal of epidermis by fibre treatments.
A few voids were observed for composites with 0.5% EDTA + 0.2%
EPG (Fig. 6f) due to the complete removal of epidermis. The least
amount of voids was observed for composites with 0.5% EDTA
+ 0.2% EPG? 10% NaOH treated fibres (Fig. 6g–h) due to better
separation of fibres, as indicated by small fibre bundles observed
in Fig. 6h, and complete removal of epidermis. The observations
were collaborated with the results shown in Fig. 3 and 5.
Changes in the fibre correlated porosity factor of composites
with differently treated fibres can be explained by changes in fibre
microstructure and chemical composition of fibres during fibre
processing. When the hemp fibre strips were subjected to EDTA
and/or EPG, pectin in the epidermis and in the parenchyma cells
and the middle lamella regions between fibre cells, was partly
removed by removal of calcium and/or hydrolysed by enzyme-
catalysed reactions (Table 1). The removal of pectin is likely to
weaken the bonding between epidermis and cortex, between fibres
and parenchyma cells, and between fibres, and thus lead to partial
removal of epidermal and parenchyma cells from the hemp fibre
strips. Such removal of epidermal and parenchyma cells would
result in splitting of fibre bundles into smaller bundles
(Figs. 2 and 3). The changes to fibre microstructure may collec-
tively contribute to the decrease of apf after fibre treatment. Fur-
thermore, with the exception of field retted samples, the fibre
correlated porosity factors of composites with differently treated
fibres were found to be correlated with pectin and hemicellulose
content of the fibres (Fig. 7a).
3.5. Tensile properties of hemp fibre/epoxy composites
In Fig. 8, the starting points of model lines at Wf = 0 show the
measured neat epoxy stiffness (Em) and failure strength rm
 
,
respectively, at the average failure strain of the composites. Over-
all, the model lines are in agreement with the experimental data.
When the slopes (k) of the model lines are compared, it is evident
that the model lines of composites with field retted fibres have the
lowest slope of 48.6 GPa for stiffness (Fig. 8a) and 444 MPa for UTS
(Fig. 8b). Composites with untreated fibres have a slope of 62.3 GPa
for stiffness and 536 MPa for UTS. By contrast, for composite stiff-
ness and strength, the slopes of the model lines tend to increase for
composites made with EDTA and enzyme treated fibres. When the
model lines of EDTA and enzyme treated samples are compared,
the model lines of composites containing fibres treated with 0.5%
EDTA combined with 0.2% EPG have the highest slope of
67.8 GPa for composite stiffness and 598 MPa for composite UTS
(Fig. 8).
In addition, for composites with fibres treated with 0.5% EDTA
combined with 0.2% EPG followed by 10% NaOH, the failure strain
decreased to 0.8% (Table 3 and Fig. 8c) from 1% with untreated,
Fig. 5. Porosity of composites reinforced with untreated and treated fibres versus fibre volume contents (Vf). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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EDTA and enzyme treated fibres, and the stiffness of the compos-
ites increased considerably from 62.3 GPa (untreated fibres) to
80.9 GPa (Fig. 8a). However, the strength of the composites dra-
matically decreased compared with composites with fibres treated
with 0.5% EDTA combined with 0.2% EPG as indicated by the
decrease in the slope from 598 MPa for composites with fibres
treated with 0.5% EDTA combined with 0.2% EPG to 506 MPa for
composites with such treated fibres (Fig. 8b). A 14% increase in
composite stiffness was achieved compared to composites with
hydrothermally pretreated and enzymatically treated fibres [24].
The failure strain of the composites with field retted, untreated
and 1% EDTA treated fibres was found to decrease with increase in
fibre volume content (Fig. 8c), while for composites with a high
concentration EDTA (i.e. 3% EDTA), enzyme, and alkali treated
fibres, the failure strain was independent of fibre volume content
(Fig. 8c). The mechanical properties of composites with differently
treated fibres at Vf = 0.50 were calculated using the slopes shown
in Fig. 8. As shown in Table 3, composites with field retted fibres
had both lowest stiffness (27 GPa) and strength (248 MPa). By con-
trast, composites with fibres treated with 0.5% EDTA and 0.2% EPG
together had the highest strength of 327 MPa, which is an increase
of 31% compared with composites with field retted samples. Com-
posites with fibres treated with 0.5% EDTA combined with 0.2%
EPG followed by 10% NaOH had the highest stiffness (43 GPa),
which is an increase of 60% compared with the composites with
field retted samples.
Effective fibre stiffness and strength were established based on
the slopes of the model lines shown in Fig. 8 using Eqs. (2) and (3).
As shown in Table 3, field retted fibres had the lowest effective
fibre stiffness of 51 GPa with an effective fibre strength of
470 MPa. By contrast, fibres treated with 0.5% EDTA combined with
0.2% EPG had the highest effective fibre strength of 626 MPa, which
Fig. 6. ESEM micrographs of polished hemp fibre/epoxy composites with field retted (a), untreated (b), 0.5% EDTA treated (c), 3% EDTA treated (d), 0.2% EPG treated (e), 0.5%
EDTA + 0.2% EPG treated (f) and 0.5% EDTA + 0.2% EPG? 10% NaOH treated (g–h) fibres. Arrows show examples of porosities at epoxy/epidermis, epidermis/epidermis,
epidermis/fibre, fibre/fibre and fibre/epoxy interfaces. Scale bar in (a) is 50 lm with the same magnification for (b)–(h).
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is an increase of 11% compared with untreated fibres. Hemp fibres
treated with 0.5% EDTA and 0.2% EPG together followed by 10%
NaOH had the highest effective fibre stiffness of 83 GPa, which is
an increase of 28% compared with untreated fibres.
The changes in the effective fibre strength and stiffness may be
explained by the changes in fibre chemical composition (Table 1)
and composite porosity (Fig. 5). During fibre processing with EDTA,
enzyme and alkali, the fibres were polished and highly cellulose-
rich fibres were obtained which had improved effective fibre
stiffness and strength. There is clear evidence that effective fibre
stiffness and effective fibre strength correlate with the cellulose
content of fibres. As shown in Fig. 7b and c, field retted and alkali
treated fibres were out of the line. It was most likely due to damage
to the field retted samples caused by the activity of cellulases
secreted by microorganisms during field retting, and disrupted
cellulose-hemicellulose interlocked network occurred to alkali
treated samples during NaOH treatment. In addition, after fibre
processing, fibres were better infiltrated within the epoxy matrix
and composite porosity was reduced (Fig. 6). The decrease in
porosity lowered the influence of stress concentrations. As a result,
the effective fibre stiffness and strength were improved (Fig. 9).
3.6. Comparison of structure properties of hemp fibres and hemp fibre/
epoxy composites
As discussed above, the mechanical properties of hemp fibre/
epoxy composites varied with fibre treatments. Pectin removal
by EDTA and EPG increased composite stiffness and UTS due to
the decreased composite porosity contents. Hemicellulose removal
by NaOH increased composite stiffness due to the decreased com-
posite porosity contents, but decreased composite UTS due to the
disrupted cellulose-hemicellulose interlocked network with the
removal of hemicellulose during alkali treatment.
Properties of composites depend not only on the fibre them-
selves but also on the degree to which an applied load is transmit-
ted to the fibres by the matrix phase under stress [35]. Hemp fibres
Fig. 7. Fibre correlated porosity factor (apf) vs. pectin + hemicellulose content (a),
effective fibre stiffness vs. fibre cellulose content (b), and effective fibre strength vs.
fibre cellulose content (c). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 8. Stiffness (a), UTS (b) and failure strain (c) of composites reinforced with
untreated and treated fibres versus fibre volume contents (Vf). (In (a) and (b), the P
value indicates the significant level for the slope of model lines between differently
treated fibres vs. untreated fibres. In (c), the P value indicates the significant level
for the slope of model lines vs. 0). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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can be regarded as the individual fibre reinforced composites with
matrix polymers of non-cellulosic components including pectin,
hemicellulose and lignin. Hence, changes in hemp fibre properties
with fibre treatments can be analogized to the changes in hemp
fibre/epoxy composites as discussed above. EDTA and EPG
removed pectin from hemp fibres, especially the middle lamella
between fibres, resulting in weakened interface between fibres
and matrix polymers. The mechanical properties of hemp fibres
were thereby reduced (Table 2). Similarly, NaOH treatment
removed parenchyma cells between fibres and degraded hemicel-
lulose in hemp fibres resulted in loosened fibre structure (Fig. 2)
and improved fibre surface cleanliness (Fig. 3). Those changes in
fibre structure resulted in cellulosic fibre/non-cellulosic polymers
composites with higher porosity contents and weakened interfaces
between fibre and matrix polymers. In addition, the removal of
hemicellulose can reduce fibre properties due to the disrupted
cellulose-hemicellulose interlocked network. Therefore, fibre stiff-
ness and strength decreased dramatically after NaOH treatment
(Table 2).
Comparison of structure properties of hemp fibres and hemp
fibre/epoxy composites demonstrated that changes in fibre proper-
ties and the interfaces between fibre and matrix polymers could
explain the changes in fibre and fibre/epoxy composite properties.
In addition, the comparison provided knowledge on how to opti-
mize the properties of fibre/epoxy composites through fibre
treatments.
4. Conclusion
The impacts of pectin and hemicellulose removal from hemp
fibres on morphology and mechanical properties of hemp fibres,
and on the mechanical properties of fibre/epoxy composites were
studied. Pectin and hemicellulose were removed from fibres by
EDTA and enzyme treatments, and 10% NaOH treatment, respec-
tively. The removal of pectin removed epidermal and parenchyma
cells, produced more void spaces between fibres and resulted in
improved fibre impregnation with epoxy matrix. These changes
contributed to improved mechanical properties of composites. A
combination of 0.5% EDTA and 0.2% EPG resulted in greatest
removal of pectin (up to 80%), best fibre separation and greatest
improvement in mechanical properties of fibre/epoxy composites
with a stiffness of 37 GPa and strength of 327 MPa at
Vf = 0.50. Removal of hemicellulose further improved fibre separa-
tion and cleanliness of fibre surfaces. As a result, the composites
made with fibres treated with 0.5% EDTA combined with 0.2%
EPG followed by 10% NaOH had the lowest porosity factor of
0.04. Removal of hemicellulose increased the stiffness of compos-
ites, but decreased composite strength.
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Table 3
Mechanical properties of fibre/epoxy composites and established effective fibre mechanical properties. Values are shown as mean (standard error).
Fibre sample Composite mechanical properties1 Effective fibre stiffness2 (GPa) Effective fibre strength2 (MPa)
Stiffness (GPa) UTS (MPa) Failure strain (%)
Field retted 26.9 (0.6) 248 (17) 1.0 (0.1) 51.2 (1.1) 470 (34)
Untreated 33.8 (0.6) 294 (14) 1.0 (0.1) 64.9 (1.2) 562 (28)
0.5% EDTA 33.7 (0.8) 303 (20) 1.0 (0.1) 64.6 (1.5) 578 (20)
1.0% EDTA 33.7 (0.9) 297 (16) 1.0 (0.1) 64.7 (1.7) 567 (31)
3.0% EDTA 34.6 (1.0) 304 (12) 1.0 (0.1) 66.5 (1.9) 582 (24)
0.2% EPG 35.2 (1.0) 306 (15) 1.0 (0.2) 67.6 (1.9) 584 (29)
0.5% EDTA + 0.2% EPG 36.7 (0.9) 327 (9) 1.1 (0.1) 70.6 (1.7) 626 (18)
0.5% EDTA + 0.2% EPG? 10% NaOH 42.5 (0.3) 274 (9) 0.8 (0.1) 83.0 (0.6) 527 (17)
1 Composite stiffness and UTS were determined at Vf = 0.5 based on the results shown in Fig. 8a and b, and composites failure strain was shown as the average value of
composite failure strain with different fibre content shown in c.
2 Effective fibre stiffness and strength were established based on the results shown in Fig. 8.
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Abstract 14 
Laccase activity catalyzes oxidation and polymerization of phenols. The effect of laccase treatment on 15 
the mechanical properties of hemp fibres and hemp fibre/epoxy composites was examined. Laccase 16 
treatment on top of 0.5% EDTA + 0.2% endo-polygalacturonase (EPG) treatments increased the 17 
mechanical properties of hemp fibres and fibre/epoxy composites. Comparing all fibre treatments, 18 
composites with 0.5% EDTA + 0.2% EPG + 0.5% laccase treated fibres had the highest stiffness of 42 19 
GPa and the highest ultimate tensile strength (UTS) of 326 MPa at a fibre volume content of 50%. The 20 
thermal resistance of hemp fibres increased after laccase treatments, and the maximum degradation 21 
temperature increased about 5 °C. Cross-linking of hydroxycinnamates by laccase was not observed. 22 
Oxidation of lignin-OH groups by laccase was observed. We suggest that the increased mechanical 23 
properties of hemp fibres and fibre reinforced composites were due to laccase catalysed polymerization of 24 
lignin moieties in hemp fibres. 25 
 26 
Keywords: A. Natural fibres; A. Polymer-matrix composites (PMCs); B: Mechanical properties; D: 27 
Thermal analysis.     28 
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1 Introduction 29 
Cellulose-rich fibres have many unique advantages, such as environmental sustainability, low cost, low 30 
density, high stiffness and high strength to weight ratio [1]. Because of those unique advantages and 31 
increasing environmental awareness, research interest has been shifting to use natural fibres as substitute 32 
to man-made fibres in fibre reinforced composites in recent years [2,3].  33 
The primary fibres of hemp (Cannabis sativa) are one of the most suitable, cellulose rich fibres for 34 
manufacturing strong biocomposites. These fibres are located in the outer part of the hemp stem beneath 35 
the epidermis [4]. The primary fibres are mainly composed of cellulose, hemicellulose, lignin, and pectin 36 
[5,6]. Cellulose consists of a linear chain of β-1,4-linked D-glucose units and is organized into 37 
microfibrils interlocked by glycans (e.g. xyloglucan, mannan, galactoglucomannan, and galactomannan) 38 
[7,8]. The cellulose microfibrils and the cross-linked glycans are previously considered as the two main 39 
components which provide cell wall strength. Furthermore, the interlocked network of microfibrils and 40 
glycans is embedded in a matrix of pectic substances, and the network is further reinforced with structural 41 
protein and aromatic substances (e.g. lignin and hydrocinnamates) [7,9,10].  42 
Lignin is a heterogeneous aromatic biopolymer that forms a three-dimensional structure with ether and 43 
carbon-carbon linkage between different phenylpropanoid units, which have been identified as p-44 
coumaryl (H type), coniferyl (G type) and sinapyl alcohols (S type) [11]. In hemp fibres, lignin is the 45 
main aromatic substances, which accounts for 2 −5% of dry matter of fibre cell walls [4,12]. Laccase (EC 46 
1.10.3.2) is a copper-containing oxidase capable of reacting with a large variety of aromatic substances. It 47 
has been recognized that aromatic substances can be polymerized or cross-linked to form a complex 48 
structure by laccase enzymes[13–15]. The polymerization and cross-linking of those aromatic substances 49 
were suggested add mechanical strength to the cell walls [16,17].  50 
In this study, laccase was used to treat hemp fibres. It was hypothesized that hemp fibre cell walls can 51 
be strengthened by laccase catalyzed cross-linking of feruloylated polysaccharides and by generating 52 
covalent bonds during lignin polymerization. As a result, mechanical properties of unidirectional hemp 53 
fibre-reinforced composites will be increased. 54 
2 Materials and methods 55 
2.1 Raw material and processing 56 
 57 
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2.1.1 Plant material and enzyme 58 
Hemp (Cannabis sativa L.), variety USO-31, was grown in France (N 48.8526°, E 3.0190°(WGS84)) 59 
as described in detail by Liu et al. [4]. Hemp stem pieces with a length of 150 ± 10 mm were randomly 60 
collected from the stems. Before treatment, hemp bast fibre strips were manually peeled from the stem 61 
pieces, gently rinsed with warm water (40 °C) to remove dirt and then dried at 50 °C for 12 h.  62 
The endo-polygalacturonase (EPG), derived originally from Emericella nidulans, was produced by 63 
fermentation of a Pichia pastoris clone (principally as described previously [18]) transformed with the 64 
gene AN4372.2 obtained from the Fungal Genetic Stock Center, Kansas State University, USA [19]. 65 
Laccase (EC 1.10.3.2) from Trametes versicolor was purchased from Sigma Chemical Co. The activity of 66 
endo-polygalacturonase and laccase were 17 U mg
-1
 and 15 U mg
-1
, respectively, at applied conditions in 67 
this study.  68 
The activity of EPG was determined by measuring the amount of liberated reducing ends [20] using 2 69 
g L
-1
 polygalacturonic acid as substrate according to the procedure described previously [21].  One unit 70 
of the EPG activity is defined as the amount of enzyme (mg) required to liberate 1 µmol reducing ends 71 
per minute under the assay conditions. Laccase activity was measured by monitoring the oxidation of 72 
azinobis (3-ethylbenz-thiazoline)-6 sulphonate (ABTS) by the enzyme at 420 nm [22]. One unit of 73 
laccase activity is defined as the amount of enzyme (mg) required to oxidize 1 µmol ABTS per minute 74 
under the assay conditions.  75 
2.1.2 Enzymatic treatment 76 
Hemp bast fibre strips were first treated with 0.5% (g mL
-1) EDTA (EDTA.2Na∙2H2O) and 0.2% (g 77 
protein per g dry matter) EPG at 40 °C for 4 h. At the end of each treatment, the wet bast fibre strips were 78 
rinsed thoroughly with MilliQ water. After fibres were treated with 0.5% EDTA and 0.2% EPG (0.5% 79 
EDTA + 0.2% EPG), fibres were divided into two lots: one lot was treated with 0.5% (g protein/g dry 80 
matter) laccase; another was first treated with 10% NaOH (g cm
-1
) for 4 h at 60°C followed by 0.5% (g 81 
protein per g dry matter) laccase treatment at 40 °C for 1.5 h. At the end of each treatment, the wet bast 82 
fibre strips were rinsed thoroughly with MilliQ water prior to the next treatment. 83 
Alkali treatment was carried in a water bath with agitation of 100 rpm. Enzymatic treatments were 84 
carried out at pH 6.0 using 25 mmol dm
-3
 citrate buffer with a liquid (cm
3
) to fibre (g) ration of 40:1. At 85 
above conditions, the concentration of EPG and laccase was 34 and 75 U g
-1
 (units per gram fibre). 86 
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2.2 Characterization and testing of hemp fibres 87 
2.2.1 Extraction and analysis of wall bound ester linked phenolic compounds  88 
The dried bast fibres were firstly ground with a microfine grinder (IKA, MF 10.1; IKA®-Werke 89 
GmbH) through a 0.5-mm screen. Grinded hemp fibres (~ 1.0 g) and the internal standards (0.5 mg of p-90 
anisic acid and trans-cinnamic acid) were added into each sample. Saponification of grinded samples with 91 
2 M NaOH (25 mL for each sample) was carried out for 18 h under nitrogen and protected from light at 92 
25 °C in a water bath with agitation of 100 rpm. The solution was then acidified to pH < 2 with HCl (37%) 93 
and extracted three times with ethyl acetate (25 mL, three times). The phenolic ethyl acetate extracts were 94 
evaporated at room temperature under reduced pressure using a vacuum evaporator, and the samples 95 
redissolved in 20 mL 50% (v/v) aqueous methanol prior to analysis by HPLC.   96 
Phenols extracted from fibre cell walls were analyzed using reversed phase- high performance liquid 97 
chromatography (RP-HPLC) with diode array detection, Chemstation 1100 series, Hewlett-Packard, and 98 
an ODS-L Optimal (250 × 4.6 mm, 5 µm) column from Capital HPLC as described by Agger et al. [23]. 99 
Phenolic compounds were identified by liquid chromatograph electrospray ionization mass spectrometry 100 
(LC-ESI-MS) on an Amazon SL ion trap (Bruker Daltonics, Bremen Germany) coupled to an UltiMate 101 
3000 UHPLC from Dionex (Sunnyvale, CA, USA). The chromatography was performed on the same 102 
column and under the identical conditions as RP-HPLC. The electrospray was operated in negative mode 103 
with enhanced resolution mode and a scan range from 100-2000 m/z, smart parameter setting of 200 m/z, 104 
capillary voltage at 4.5 kV, end plate off-set 0.5 kV, nebulizer pressure at 3.0 bar, dry gas flow at 12.0 L 105 
min
-1
, and dry gas temperature at 280 °C. Collision-induced dissociation (CID) fragmentation was 106 
performed using SmartFrag enhanced amplitude ramping from 80 to 120%, fragmentation time 20 ms. 107 
The presence of phenolic compounds were confirmed by results of LC-MS/MS
2
 based on external 108 
standards and previously described fragmentation pattern [24]. In addition, UV spectra of external 109 
standards was also used as references for the confirmation of phenolic compounds, and quantification of 110 
each compound based on a standard curve of t-ferulic acid using the response factors of Waldron et al 111 
[25]. 112 
2.2.2 Chemical composition analysis  113 
The dried bast fibres were ground with a microfine grinder (IKA, MF 10.1; IKA®-Werke GmbH) 114 
through a 1-mm screen. Ground samples were extracted in a Soxhlet apparatus [4], and then the 115 
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extractive-free fibres were hydrolysed using a two-step sulfuric acid process from National Renewable 116 
Energy Laboratory (NREL) [26]. After acid hydrolysis, the hydrolysate was collected for monosaccharide 117 
analysis, and Klason lignin content (acid-insoluble residues) was gravimetrically determined. The 118 
chemical composition of the hydrolysate was analysed by high-performance anion-exchange 119 
chromatography with pulsed amperometric detection (HPAEC-PAD) [27].  120 
2.2.3 Diffuse reflectance near infrared spectroscopy (NIR) 121 
Diffuse reflectance NIR spectra were obtained using a monochromator-based XDS instrument 122 
connected to a Rapid Content Analyzer (FOSS ANALYTICAL, Denmark) at wavelengths between 400 123 
nm – 2500 nm and a resolution of 2 nm-1 as previously described [28]. Approx. 1 g of grinded samples 124 
(0.5 mm) was applied for the analysis. 125 
2.2.4 Attenuated total reflectance (ATR) - Fourier transform infrared spectroscopy (FTIR) 126 
ATR-FTIR analysis of differently treated samples was carried out using a Thermo Scientific Nicolet 127 
iS50 FT-IR spectrometer. For the analysis, a few milligrams of grinded samples (0.5 mm) were applied to 128 
a diamond cell and the transmission spectra between 400 and 4000 cm-1 were measured at room 129 
temperature. 130 
2.2.5 Thermogravimetric analysis (TGA) 131 
Dynamic thermogravimetric measurements were performed using a TA instrument Discovery TGA. 132 
Temperature programs for dynamic tests were run from room temperature to 600 °C at a heating rate of 133 
10 °C min
-1
. The tests were carried out under nitrogen atmosphere (25 mL min
-1
). 134 
2.2.6 Pyrolysis gas chromatography mass spectrometry (Py-GC/MS)  135 
The dried bast fibres were ground with a microfine grinder (IKA, MF 10.1; IKA®-Werke GmbH) 136 
through a 0.25-mm screen. Approximately 100 µg of the milled sample was weighted by using a 137 
microbalance in pyrolysis cup and introduced into Py-2020iD micro-furnace pyrolyzer (Frontier 138 
Laboratories Ltd.) equipped with an autosampler (AS-1020E). The pyrolysis system was interfaced to a 139 
GC/MS (6890/5973N Agilent Technologies, USA). 140 
Pyrolysis of samples was carried out at temperature of 500 °C. The pyrolysis interface temperature was 141 
kept at 360 °C. The GC inlet and the GC/MS interface were kept at 280 °C. The volatile pyrolysis 142 
products were separated on a low polarity VF-5ms (Agilent J&W) fused-silica capillary column (60 m × 143 
ID 0.25 mm, 0.25 µm film thickness) with helium as carrier gas (2 mL min
-1
). For effective separation of 144 
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the phenol components, the oven temperature was kept at 45 °C for 4 min and raised to 280 °C at 3 °C 145 
min
-1
, and kept at 280 °C for 20 min. The mass spectrometer was operated in EI mode (70 eV) at a source 146 
temperature of 230 °C. 147 
Lignin based volatile components were identified by comparison of their mass spectra to NIST and in-148 
house libraries. From the pyrograms of pure lignins (wheat straw and beech) two representative mass 149 
fragments per peak of more than 64 lignin related peaks were selected to establish a SIM (selected ion 150 
monitoring) method. 8 replicates were carried out using this SIM method. The different samples were 151 
analyzed in random order. For the principal component analysis (PCA) one mass fragment for each 152 
pyrolysis product was used. The peak area of each peak was mean normalized. Unscrambler 10.0 was 153 
used for PCA to estimate the similarities and dissimilarities in lignin related pyrolysis products from 154 
differently treated hemp fibres [29]. 155 
2.2.7 Tensile properties of fibres  156 
Bast fibre strips (60 mm long × 1 mm wide) of mass in the range of 5 – 20 mg were used for tensile 157 
testing. The preparation of test specimens has previously been described in detail [4]. Tensile testing was 158 
performed using an Instron Testing Machine 2710-203 equipped with a 1kN load cell. The gauge length 159 
was 10 mm and the displacement rate was 0.5 mm min
-1
 (corresponding to a strain rate of 5% min
-1
). 160 
Tensile testing was performed on 20 specimens for each treatment. The cross-sectional area was 161 
determined from measured fibre mass and fibre length, and an assumed fibre density (i.e. 1500 kg dm
-3 162 
[30]). Stiffness (linear regression in the strain interval 0.05 – 0.25%), ultimate tensile strength (UTS), and 163 
failure strain were determined based on the measured stress-strain curves. 164 
2.3 Manufacturing and characterization of composites 165 
2.3.1 Manufacturing of composites 166 
Composites manufacturing including the setup for moulding processing, curing of the epoxy matrix, 167 
demoulding, and composite specimens preparations for tensile testing was done as described previously 168 
[31]. In brief, the treated hemp bast fibre strips were manually aligned to allow the fibres to be processed 169 
into unidirectional composites. Fibre strips were firstly cut to a length of 140 mm, and the fibre strips 170 
were then justified to a bunch of fibre strips with masses in the range 0.6 – 2.3 g. The bunch of fibre strips 171 
was then put in each mould chamber. Afterwards, a press beam was placed on the top of the fibre strips in 172 
each chamber, and two insert beams were used to fix the height of the mould chambers to 2 mm. Epoxy 173 
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resin (Araldite® LY 1568) and its amine hardener (Aradur® 3489) were mixed at a 100/28 mass ratio and 174 
degassed in a vacuum oven. After demoulding, composite samples with dimensions 140 mm × 10 mm × 2 175 
mm were obtained and then glass fibre/epoxy tabs with lengths of 50 mm were mounted on composite 176 
specimens using epoxy glue (DP 460).  177 
2.3.2 Volumetric composition of composites 178 
By varying the amount of fibres (mf) in the mould chambers, the fibre weight content (wf) in the 179 
composites was varied in the range 0 – 0.70. When the wf was below 0.30, the composite specimens had 180 
irregular surfaces, and their thickness could not be measured accurately. For the cases, composite density 181 
(ρc) was determined by the buoyancy method (Archimedes principle) using water as the displacement 182 
medium. When Wf was above 0.30, the composite specimens had flat surfaces, and ρc could be accurately 183 
calculated based on the composite dimensions (i.e. length, width and thickness).  184 
The volumetric composition of composite samples was determined as described by Liu et al. [31]. In 185 
the composites, the porosity (Vp) was assumed to be a linear function of the fibre volume content (Vf), 186 
where the established proportionality constant is equal to the fibre correlated porosity constant αpf as 187 
expressed in Eq.1[32]. The matrix correlated porosity factor (αpm) was assumed to be 0. 188 
𝑉𝑝 = 𝛼𝑝𝑓 × 𝑉𝑓                                                                                                                                               (1)                                              189 
2.3.3 Tensile properties of composites 190 
For tensile testing of the composite specimens, an Instron Testing Machine 5566 with a load cell of 10 191 
kN was used. Strain measurements were conducted using two extensometers and the displacement rate 192 
was 1 mm min
-1
 (corresponding to a strain rate of 2.5% min
-1
). Based on the measured stress-strain curves, 193 
composite stiffness (Ec) (linear regression in the strain interval 0.05 – 0.25%) and ultimate tensile strength 194 
(UTS) were determined. For each treatment, at least 10 specimens with varied fibre content were tested. 195 
The rule of mixtures (ROM) model [32] was used to determine the effective fibre stiffness (Ef) and fibre 196 
strength (UTSfu) in the composites by linear regression versus fibre volume content (Vf) using Eqs.2 and 197 
3, respectively. The intercept was set equal to the measured matrix stiffness (Em) and strength (𝑈𝑇𝑆𝑚
∗ ) at 198 
the average failure strain of the composites.  199 
𝐸𝑐 = 𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚 = 𝐸𝑚 + 𝑉𝑓 (𝐸𝑓 − 𝐸𝑚(1 + 𝛼𝑝𝑓)) = 𝐸𝑚 + 𝑘𝑉𝑓                                                            (2)                                        200 
𝑈𝑇𝑆𝑐 = 𝑉𝑓𝑈𝑇𝑆𝑓𝑢 + 𝑉𝑚𝑈𝑇𝑆𝑚
∗ = 𝑈𝑇𝑆𝑚
∗ + 𝑉𝑓 (𝑈𝑇𝑆𝑓𝑢 − 𝑈𝑇𝑆𝑚
∗ (1 + 𝛼𝑝𝑓)) = 𝑈𝑇𝑆𝑚
∗ + 𝑘𝑉𝑓                       (3)                                                                    201 
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where the subscripts c, f and m indicate composite, fibres, and matrix, respectively. k is the slope of the 202 
linear regression line, i.e. of Ec vs. Vf and UTSc vs. Vf. Effective fibre stiffness (Ef) and tensile strength 203 
(UTSfu) can thus be calculated from Eqs.2 −3 at Vf = 1.0 by using an extrapolation method.          204 
3 Results and discussion 205 
3.1 Mechanical and thermal properties fibres and composites 206 
3.1.1 Tensile properties of fibres 207 
After fibres were treated with 0.5% EDTA and 0.2% EPG, the stiffness, ultimate tensile strength (UTS) 208 
and failure strain of fibres decreased, respectively, from 29 GPa, 770 MPa and 5%, to 15 GPa, 560 MPa 209 
and 4% (Table 1). The decrease in the mechanical properties was attributed to the decrease in the bonding 210 
between fibres and non-cellulosic matrices after pectin removal by EDTA and EPG [33]. After the fibres 211 
were further treated with 0.5% laccase, the stiffness and UTS of fibres significantly increased to 31 GPa 212 
and 840 MPa, respectively, but the failure strain of fibres decreased to 3%. In previous study, increased 213 
mechanical properties of laccase treated plantain fibre bundles after laccase treatment has been observed 214 
[34]. 215 
After the fibres were treated with 10% NaOH on top of 0.5% EDTA and 0.2% EPG treatment, only 216 
slight decrease in UTS were noticed (Table 1). After fibres were further treated with 0.5% laccase, an 217 
increase in the stiffness and UTS of fibres, respectively, from 14 GPa and 430 MPa, to 17 GPa and 490 218 
MPa was achieved, but the increases in both stiffness and UTS were not statistically significant (Table 1). 219 
3.1.2 Thermal properties of fibres 220 
Thermogravimetric analysis (TGA) was used to measure the thermal stability and decomposition of 221 
untreated and differently treated fibres (Fig. 1). Untreated fibres started to decompose at around 230 °C, 222 
while treated fibres were decomposed at a lower rate and started to decompose at around 250 °C. The 223 
maximum decomposition temperature was determined and shown in Table 2. The maximum 224 
decomposition temperature increased from 345 °C to 346 °C and to 361 °C, respectively, after fibres were 225 
treated with 0.5% EDTA + 0.2% EPG and 0.5% EDTA + 0.2% EPG → 10% NaOH. The higher 226 
resistance of treated fibres to thermal decomposition is due to the removal of hemicellulose and pectic 227 
substances by enzymatic and chemical treatments [35].  228 
Furthermore, an increase in the maximum decomposition temperature after laccase treatments was 229 
noticed (Fig. 1 and Table 2). The maximum decomposition temperature increased to 350.2 °C from 230 
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345.7 °C after fibres were treated with laccase on top of 0.5% EDTA + 0.2% EPG treatments. In addition, 231 
the maximum decomposition temperature increased to 367.9 °C from 360.8 °C after fibres were treated 232 
with laccase on top of 0.5% EDTA + 0.2% EPG → 10% NaOH treatments. In previous study, the 233 
increased maximum degradation temperature of plantain fibre bundles after laccase treatment has been 234 
observed [34]. The increased thermal stability of the laccase treated plantain fibre bundles has been 235 
explained by the generation of phenoxyl radicals in the fibre lignin which can induce the further 236 
generation of covalent bonds and cross-linking of aromatic substances in the fibre [34].   237 
Natural fibres are primarily composed of three classes of polysaccharides: cellulose, hemicellulose and 238 
lignin. Hemicellulose degradation occurs at 200 – 260 °C, which is lower than the degradation 239 
temperature for cellulose (240 – 350 °C) and lignin (290 – 390 °C) [34]. Therefore the thermal 240 
degradation of natural fibres is usually divided into three stages: (a) moisture loss; (b) degradation of 241 
cellulose and hemicellulose; (c) degradation of other non-cellulosic components (i.e. lignin) [36]. The 242 
increased thermal stability of hemp fibres treated with laccase was presumably due to the modification of 243 
lignin by laccase.  244 
3.1.3 Tensile properties of hemp fibre/epoxy composites 245 
In Fig. 2, the starting points of model lines at Wf =0 show the measured neat epoxy stiffness and 246 
failure strength, respectively, at the average failure strain of the composites. In comparison of the slopes 247 
(k) established by linear regression of Ec and UTSc versus Vf, of the composites with differently treated 248 
fibres, it can be found that the composites containing 0.5% EDTA + 0.2% EPG treated fibres had higher 249 
slopes for stiffness (68 GPa) and UTS (598 MPa) than that for composites containing untreated fibres 250 
(Fig. 2).  251 
A significant increase in the stiffness of composites with fibres treated with laccase on top of 0.5% 252 
EDTA + 0.2% EPG treatments were observed (Fig. 2a), as indicated by the slopes of the lines increasing 253 
from 67.8 GPa for composites with 0.5% EDTA + 0.2% EPG treated fibres, to 79.7 GPa for the 254 
composites with 0.5% EDTA + 0.2% EPG → 0.5% Laccase treated fibres. No apparent changes in the 255 
UTS of composites after fibres were treated laccase were found. By contrast, when fibres were treated 256 
with 10% NaOH prior to laccase treatments, no noticeable changes in stiffness (Fig. 2a) and UTS (Fig. 2b) 257 
of the composites with the resultant fibres were observed. In comparison of all samples, 0.5% EDTA + 258 
0.2% EPG → 0.5% Laccase treated fibres had the best effective fibre properties with the highest stiffness 259 
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of 82 GPa and strength of 630 MPa (Table 3). In addition, composites with such treated fibres had the 260 
best mechanical properties with the highest stiffness of 42 GPa and strength of 330 MPa at a fibre volume 261 
content of 50% (Table 3), which was 56% and 33% higher, respectively, compared to the mechanical 262 
properties of composites with field retted fibres [31]. 263 
The fibre correlated porosity factor (αpf) of composites manufactured with the differently treated hemp 264 
fibres was determined based on the experimental values of Vp and Vf using Eq. 1 (Fig. 3). As shown, 265 
composites with untreated fibres had the highest porosity factor of 0.16. By contrast, composites with 0.5% 266 
EDTA + 0.2% EPG treated fibres had much lower porosity factors of 0.09. As hemp fibres were further 267 
treated with 10% NaOH, the porosity factor of the composites decreased further to 0.04. The decrease in 268 
the porosity of composites after pectin removal by 0.5% EDTA + 0.2% EPG and after hemicellulose 269 
removal by 10% NaOH were previously used to explain the changes in the mechanical properties of 270 
composites [33].  271 
Laccase treatment did not decrease the porosity of the composites, as indicated by the non-significant 272 
changes in porosity factors of the composites after laccase treatments (Fig. 3). Hence, the improvement in 273 
the mechanical properties of composites (Fig. 2) was caused by other factors such as the oxidative cross-274 
linking of hydroxycinnamates and enzymatic polymerization of lignin by laccase. In previous study, it has 275 
been known that polymerization of lignin during laccase treatment to form complex products and cross-276 
linking of feruloylated polysaccharides can be completed by laccase enzymes[13–15]. The 277 
polymerization and cross-linking of those aromatic substances were suggested add mechanical strength to 278 
the cell walls [16,17].  279 
3.2 Phenolic acids and lignin changes  280 
3.2.1 Lignin hydroxyl groups changes (NIR) 281 
The effect of laccase treatments on lignin in hemp fibres were assessed by near infrared spectroscopy 282 
(NIR). It has been reported that oxidation of lignin-OH group can be carried out with the presence of 283 
laccase, and radicals were produced and covalent bonds (radical-radical coupling) can be further 284 
generated due to the interactions of those radicals [15,37]. NIR can provide information of organic 285 
compounds regarding the first overtone and combined overtone of –OH group (e.g. lignin-OH group). 286 
The first overtone of the lignin-OH vibrations occurs at 1400 – 1520 nm, and the first and second 287 
overtones of the lignin-OH vibrations are also seen at 1635 – 1825 nm [38]. The NIR spectra from 1100 – 288 
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1860 nm of differently treated hemp fibres were selected for principal component analysis (PCA) to 289 
reveal the effect of laccase on the lignin-OH in hemp fibres.  290 
The NIR spectra were processed by standard normal variate (SNV) prior to PCA. The score plots from 291 
PCA (Fig. 4a) showed that there was a systematic difference among untreated fibres, 0.5% EDTA + 0.2% 292 
EPG treated fibres, and 0.5% EDTA + 0.2% EPG → 10% NaOH treated fibres. The first principal 293 
component PC1 described 94% of the variance among those samples. The systematic difference was 294 
primarily due to the pectin removal from 0.5% EDTA + 0.2% EPG, and hemicellulose removal by 10% 295 
NaOH, as indicated by the changes in chemical composition in Table 4. 296 
The third principal component PC3 described 2% of the variance, which could separate the near 297 
infrared spectra for samples treated with and without laccase (i.e. 0.5% EDTA + 0.2% EPG vs. 0.5% 298 
EDTA + 0.2% EPG → 0.5% Laccase, and 0.5% EDTA + 0.2% EPG → 10% NaOH vs. 0.5% EDTA + 299 
0.2% EPG → 10% NaOH → 0.5% Laccase). Therefore, the 2% of the variance represents the effect of 300 
laccase treatments. As shown in the PC3 loadings, the variance was mainly due to the changes occurred in 301 
the NIR spectra between 1400 – 1520, in particular at 1432 nm (Fig. 4b), which were assigned for the 302 
first overtone of lignin-OH vibrations [38]. The NIR spectra of differently treated fibres were processed 303 
by SNV, mean centering, and then displayed in Fig. 5. The changes reflected in the PC3 loadings can be 304 
visualized in the NIR spectra. As shown, the peak shifted to 1432 nm from lower wavelength (i.e. 1410 305 
nm and 1421 nm) after fibres were treated with laccase, regardless of the prior treatments. The shifting of 306 
the peak in the NIR spectra was probably due to the oxidation of lignin hydroxyl groups by laccase.  307 
3.2.2 Py-GC/MS 308 
A PCA was calculated using lignin related signals (peaks from the pyrogram which will be called 309 
variables further on). All samples cluster according to different types of fibre treatments as shown in the 310 
PC1-PC2 scores plot (Fig. 6a). Approximately 66% of the validated variations in all the tested samples 311 
are described by PC1 (42%) and PC2 (24%). The PC 1 – PC 2 scores plot allows to distinguish between 312 
different fibre treatments except between fibre treatment of 0.5% EDTA + 0.2% EPG → 10% NaOH and 313 
0.5% EDTA + 0.2% EPG → 10% NaOH → 0.5% Laccase. The score plot showed a systematic difference 314 
between fibres treated with 0.5% EDTA + 0.2% EPG and 0.5% EDTA + 0.2% EPG → 0.5% Laccase. 315 
However, no systematic difference was noted between fibres treated with 0.5% EDTA + 0.2% EPG → 10% 316 
NaOH and 0.5% EDTA + 0.2% EPG → 10% NaOH → 0.5% Laccase. 317 
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The loading plots (Fig. 6b and c) revealed that 0.5% EDTA + 0.2% EPG treated fibres can be 318 
differentiated from 0.5% EDTA + 0.2% EPG → 0.5% Laccase treated fibres primarily because of the 319 
differences in content of 4-vinylphenol (49/120 FI) and cresol (39/107 FI). Of course also other variables 320 
contributed to the clustering but only the most important were mentioned here. Since 4-vinylphenol and 321 
cresol belong to the H-moiety in lignin, the results thus indicated there was some changes occurred to 322 
lignin, especially the H-lignin moiety during laccase treatment on hemp fibres when they were not pre-323 
treated with 10% NaOH. When fibres were treated with 10% NaOH prior to laccase treatment, no clear 324 
changes in lignin were found during laccase treatment. Oxidation and polymerization of cresol and 325 
vinylphenol by laccase was observed in previous studies [39–41]. 326 
3.2.3 Lignin content changes 327 
As discussed above, the oxidation of lignin by laccase may play a role in increasing the mechanical 328 
properties of fibres and fibre/epoxy composites via lignin polymerization. Mechanical properties of fibres 329 
and fibre/epoxy composites significantly increased after fibres were treated with laccase on top of 0.5% 330 
EDTA and 0.2% EPG treatments. No increase in the mechanical properties of fibres and fibre/epoxy 331 
composites was found once 10% NaOH treatment was applied prior to laccase treatments (Fig. 2). The 332 
differences in the responses of mechanical properties of fibres and fibre/epoxy composites to the laccase 333 
treatments presumably resulted from the alkali treatments, and the effect of alkali treatments on fibres 334 
was examined by FTIR (Fig. 7). After alkali treatment, absorbance of the resultant fibres at 1232 – 1270 335 
cm
-1
, 1632 cm
-1
, and 1730 cm
-1
 decreased, and the corresponding absorbance peaks disappeared in the 336 
FTIR spectra (Fig. 6). In the FTIR spectra, 1232 – 1270 cm-1 was assigned for the vibrations of aryl-alkyl 337 
ether in lignin, and 1632 cm
-1
 was assigned for benzene stretching ring related with lignin, and 1730 cm
-1
 338 
was also assigned for aromatic signals [42]. The results demonstrated that alkali treatment removed at 339 
least some of lignin from hemp fibres. The removal of lignin by alkali treatment was also corroborated by 340 
the significant decrease in Klason lignin content from 5% for fibres treated without 10% NaOH to 2.7 – 341 
2.9% for fibres treated with 10% NaOH (Table 4). As a result, less lignin was available for the catalyzed 342 
polymerization reactions with laccase. Therefore, no change in the mechanical properties of fibres and 343 
fibre/epoxy composites after laccase treatments was noticed when alkali treatment was applied prior to 344 
laccase treatments (Fig. 2). 345 
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3.2.4 Phenolic acids changes 346 
Hydroxycinnamic acids are a class of aromatic acids, which are present in small quantities in cell walls 347 
of hemp fibres [43]. It has been shown that hydroxycinnamic acids (e.g. ferulic acid) actively participate 348 
in the cross-linking of arabinoxylans in hemicellulose polymers of plant cell walls, where some arabinose 349 
residues are esterified at the O -5 position with a ferulate [14,44]. Other studies demonstrate that 350 
hydroxycinnamates serve as linkages between polysaccharides (e.g.arabinoglucuronoxylan) and lignin, 351 
and a fraction of the linkages involve a structure of polysaccharide-ester-hydroxycinnmic acid (e.g. 352 
ferulic acid)-ether-lignin [45,46].  353 
In hemp fibre cell wall extracts, hydroxycinnamic acids, benzoic acids and their derivatives were 354 
identified (Fig. 8), including ferulic acid, coumaric acid, vanillic acid, 4-hydroxybenzaldehyde, and 355 
diferulates. The amount of hydroxycinnamic acids in hemp fibre cell walls was lower than 0.1% (by 356 
weight), and only infinitesimal amount of ferulic acid was observed (< 0.005%, by weight). However, 357 
diferulates in 8, 5ʹ benzofuran diferulic acid form were observed with the amount of around 0.1% (by 358 
weight). As shown in Fig. 8, phenolic acids and their derivatives disappeared after alkali treatments, but 359 
no noticeable changes in the content of hydroxycinnamic acids and their derivatives were found before 360 
and after laccase treatments.  361 
4 Conclusion 362 
After pectin and hemicellulose were sequentially removed from hemp fibres, the fibres were further 363 
treated with laccase to polymerize the phenolic compounds in hemp fibres. The mechanical properties of 364 
the laccase treated hemp fibres and the resultant fibre/epoxy composites showed an increase in UTS and 365 
stiffness, in particular for the 0.5% EDTA + 0.2% EPG → 0.5% Laccase treated fibres. The thermal 366 
resistance of hemp fibres also increased after laccase treatments. There was no indication that 367 
hydroxycinnamates were oxidatively cross-linked by laccase treatments, while there was evidence that 368 
lignin hydroxyl groups were oxidized by laccase treatments. Once a part of the lignin was removed by 369 
alkali treatment, the improvement in mechanical properties of fibres and fibre/epoxy composites by 370 
laccase treatments were less profound compared to the case that all the lignin was remained before 371 
laccase treatments. Oxidation of lignin forming a much stiffer structure provides a new tool to reshape 372 
and strengthen cellulose fibres for the application in high-quality fibre reinforced composites. 373 
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Figure captions 499 
Fig. 1. Thermogravimetric analysis for derivatives of weight (%) vs. temperature of untreated and 500 
differently treated fibres.  501 
Fig. 2. Stiffness (a) and UTS (b) of composites reinforced with untreated and treated fibres vs. fibre 502 
volume contents (Vf).  503 
Fig. 3. Porosity of composites reinforced with untreated and differently treated fibres versus fibre volume 504 
contents (Vf).  505 
Fig. 4. (a) Score plot of PCA of near infrared spectra of untreated and differently treated hemp fibres. The 506 
data are acquired in 11 replicates for each sample and processed by Standard Normal Variate (SNV); (b) 507 
PC3 loadings of PCA. 508 
Fig. 5. Near infrared spectra after processed by SNV and mean centering. 509 
Fig. 6. (a) Score plot of PCA of Py-GC/MS data with lignin signals of untreated and differently treated 510 
hemp fibres; (b) PC1 loadings of PCA; (c) PC2 loadings of PCA. 511 
Fig. 7. FTIR spectra measured from untreated and differently treated fibres.  512 
Fig. 8. Phenols extracted from untreated and differently treated hemp fibres. 513 
  514 
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Tables 515 
Table 1. Mechanical properties of differently treated hemp fibres. Values are means (standard deviation) 516 
for 20 replicates. Values in the column that do not share a letter are significantly different at the 5% level.  517 
Fibre sample 
Mechanical properties 
Stiffness 
(GPa) 
UTS  
(MPa) 
Failure strain 
(%) 
Untreated 28.5 (2.9)
a
 772 (103)
a
 5.1 (0.9)
a
 
0.5% EDTA + 0.2% EPG  15.2 (4.0)
b
 556 (138)
b
 4.1 (1.1)
b
 
0.5% EDTA + 0.2% EPG → 0.5% Laccase 31.2 (4.4)a 842 (150)a 3.1 (1.1)c 
0.5% EDTA + 0.2% EPG → 10% NaOH 13.8 (2.3)b 432 (86)c 4.1 (1.0)b 
0.5% EDTA + 0.2% EPG → 10% NaOH → 0.5% 
Laccase  
16.8 (3.3)
b
 492 (89)
bc
 4.1 (1.0)
b
 
 518 
  519 
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Table 2. The maximum degradation temperature (°C) and the maximum degradation rate (%/°C) as 520 
measured by dynamic thermogravimetric analysis 521 
Fibre sample 
Maximum degradation 
temperature (°C) 
Maximum degradation 
rate (%/°C) 
Untreated 344.5 1.00 
0.5% EDTA + 0.2% EPG  345.7 1.14 
0.5% EDTA + 0.2% EPG → 0.5% Laccase 350.2 1.18 
0.5% EDTA + 0.2% EPG → 10% NaOH 360.8 1.32 
0.5% EDTA + 0.2% EPG → 10% NaOH →  
0.5% Laccase  
367.9 1.44 
  522 
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Table 3. Mechanical properties of fibre/epoxy composites at fibre volume content of 0.5 (Vf=0.5) and 523 
established effective fibre mechanical properties. Values are shown as mean (standard error). 524 
Fibre sample 
Composite mechanical properties
1
 Effective fibre properties
2
 
Stiffness (GPa) UTS (MPa) Stiffness (GPa) UTS (MPa) 
Untreated 33.8 (0.6) 294 (14) 64.9 (1.2) 562 (28) 
0.5% EDTA + 0.2% EPG  36.7 (0.9) 327 (9) 70.6 (1.7) 626 (18) 
0.5% EDTA + 0.2% EPG → 
0.5% Laccase 
41.9(0.8) 326(8) 81.6(1.5) 631(20) 
0.5% EDTA + 0.2% EPG → 
10% NaOH 
42.5 (0.3) 274 (9) 83.0 (0.6) 527 (17) 
0.5% EDTA + 0.2% EPG → 
10% NaOH → 0.5% Laccase  
41.9(0.7) 281(10) 81.8(1.0) 542(21) 
 525 
1
Composite stiffness and UTS were determined at Vf =0.5 based on the results shown in Fig. 1a and Fig. 526 
1b. 527 
2 
Effective fibre stiffness and strength were established based on the results shown in Fig. 1 using Eqs. 528 
2−3 at Vf=1.0.  529 
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Table 4. Chemical composition of hemp fibres treated with different concentrations of EDTA. Values are 530 
means (standard deviation) for 3 replicates. Values in each column that do not share a letter are 531 
significantly different at the 5% level. 532 
Fibre sample 
Amount (%)      
Ara Glu Xyl Man GalA Lignin 
Untreated 1.2
 
(0.1)
a
 67.2
 
(2.6)
c
 1.3 (0.2)
a
 4.6(0.2)
a
 8.3(0.4)
a
 5.3(0.2)
a
 
0.5% EDTA + 0.2% EPG  0.8
 
(0.1)
b
 73.8(3.0)
bc
 1.0 (0.1)
b
 4.6(0.4)
a
 2.1(0.4)
bc
 5.1(0.3)
a
 
0.5% EDTA + 0.2% EPG →  
0.5% Laccase 
0.7 (0)
b
 75.3(2.5)
b
 1.3(0.1)
ab
 4.8(0.2)
a
 2.5(0.1)
b
 4.9(0.4)
a
 
0.5% EDTA + 0.2% EPG →  
10% NaOH 
0.5
 
(0.1)
c
 85.6
 
(0.6)
a
 0.2 (0)
c
 1.7(0.1)
b
 1.5(0.1)
c
 2.9(0.3)
b
 
0.5% EDTA + 0.2% EPG →  
10% NaOH → 0.5% Laccase 
0.5 (0.1)
c
 84.2(1.6)
a
 0.4(0.2)
c
 2.0(0.1)
b
 1.6(0.2)
c
 2.7(0.4)
b
 
 533 
1
Ara-arabinan, Glu-glucan, Xyl-xylan, Man-mannan, GalA-galacturonan, Lignin- Klason lignin. 534 
  535 
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Abstract. The objective of the present study is to assess the effect of enzymatic fibre 
treatments on the fibre performance in unidirectional hemp/epoxy composites by modelling the 
volumetric composition and mechanical properties of the composites. It is shown that the 
applied models can well predict the changes in volumetric composition and mechanical 
properties of the composites when differently treated hemp fibres are used. The decrease in the 
fibre correlated porosity factor with the enzymatic fibre treatments shows that the removal of 
pectin by pectinolytic enzymes results in a better fibre impregnation by the epoxy matrix, and 
the mechanical properties of the composites are thereby increased. The effective fibre stiffness 
and strength established from the modelling show that the enzymatic removal of pectin also 
leads to increased mechanical properties of the fibres. Among the investigated samples, the 
composites with hydrothermally pre-treated and enzymatically treated fibres have the lowest 
porosity factor of 0.08 and the highest mechanical properties. In these composites, the effective 
fibre stiffness and strength are determined to be 83 GPa and 667 MPa, respectively, when the 
porosity efficiency exponent is set equal to 2. Altogether, it is demonstrated that the applied 
models provide a concept to be used for the evaluation of performance of treated fibres in 
composites. 
1. Introduction
As a result of increasing environmental awareness, research interest has been shifting to use natural 
fibres as substitute to man-made fibres in fibre reinforced composites due to their unique advantages, 
such as environmental sustainability, low cost, low density, together with their high stiffness and 
strength to weight ratio [1,2]. However, their potential use as reinforcement could be considerably 
reduced by some of their disadvantages including moderate strength of fibres, less controlled 
processing methods, and seasonal variation in quality [3–5]. 
In principle, the aim of fibre processing is to obtain more separated and cellulose rich fibres by 
removing non-cellulosic components, in order to optimize the strength and form of the fibres before 
being used as reinforcement in composites. Traditional cellulose fibre processing methods for hemp 
and flax fibres, which have mainly been targeted for yarn production, include field retting and water 
retting. These retting methods remove non-cellulosic components via spontaneously flourishing 
microbial activity, and they have been reported to have negative impacts on both fibre properties and 
the environment [5,6]. As an alternative method, treatment of fibres with pectinolytic enzymes could 
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 be a more efficient and controlled method, in addition to overcoming the limitations of the traditional 
fibre processing methods [7–9]. 
Porosity is a parameter that is used to assess the quality of composites. Porosity in natural fibre 
composites is not only created due to insufficient impregnation of the fibres by the matrix, but also due 
to the air filled cavities inside the fibres, the so-called lumen. Porosity has a direct influence on the 
volumetric composition (i.e. the volume contents of fibres and matrix) and the mechanical properties 
of composites [9–11]. A study of the relations between fibre processing routes, and the volumetric 
composition and mechanical properties of composites is central to the goal of assessing the effect of 
various fibre treatments. 
In the present study, enzymatic treatments with and without hydrothermal pre-treatment were 
carried out on hemp bast fibres. For comparison, traditional field retting of fibres was also carried out 
[5]. It is expected that porosity is highest in the composites with the untreated fibres due to the 
presence of the epidermis layer and parenchyma cells, which consist of a large amount of voids [9,12]. 
In contrast, it is expected that the enzymatic treatments will produce fibres where the epidermis layer 
and part of parenchyma cells are removed, in addition to splitting larger fibre bundles into smaller 
ones [7,9,13]. Those changes are expected to decrease the porosity in the composites, and the 
mechanical properties will thereby be increased.  
The objective of the present study is to use previously developed models for composite volumetric 
composition and mechanical properties for a quantitative analysis of the effect of enzymatically based 
fibre processing methods. This approach is shown to provide valuable understanding of the effect of 
the fibre treatments on the properties of the composites. 
2. Model
In the present study, experimental data is modelled by previously reported models [11,14]. 
Experimental data for composite volumetric composition, density and mechanical properties (i.e. 
stiffness and strength) were obtained for composites with a fibre weight content (Wf) below the 
transition value (Wf trans). For the modelling of composites with Wf above Wf trans only model lines will 
be shown. A summary of the applied model parameters is shown in Table 1. The parameters, fibre 
density (ρf), matrix density (ρm), matrix correlated porosity factor (αpm), maximum obtainable fibre 
volume content (Vf max), and porosity efficiency exponent for composite stiffness (nE) and strength (nσ) 
are assumed to be constant and independent of the applied fibre treatments. The parameters, transition 
fibre weight content (Wf trans) and fibre correlated porosity factor (αpf) are assumed to be dependent on 
the fibre treatment. 
Table 1. Summary of model parameters applied in the present study. 
Parameter Meaning Value Way of determining the value 
ρf fibre density 1.50 g/cm
3
 assumed 
ρm matrix density 1.14 g/cm
3
 measured 
αpm matrix correlated porosity factor 0 assumed 
Vf max maximum obtainable fibre volume content 0.65 assumed 
nE porosity efficiency exponent for composite 
stiffness 
0 or 2 assumed 
nσ porosity efficiency exponent for composite 
strength 
0 or 2 assumed 
Wf trans transition fibre weight content see Table 2 determined from Eq.1 
αpf fibre correlated porosity factor see Table 2 determined from Eq.2 
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 2.1.  Volumetric composition 
In the selected model [11], the volumetric composition in composites is correlated to the fibre weight 
content (Wf) in two regions: region A, where Wf is below a transition value (Wf trans), and region B, 
where Wf is above a transition value (Wf trans), respectively. The transition value (Wf trans) separating 
region A and B is calculated by Eq.1.  
𝑊𝑓 𝑡𝑟𝑎𝑛𝑠 =
𝑉𝑓 𝑚𝑎𝑥𝜌𝑓(1+𝛼𝑝𝑚)
𝑉𝑓 𝑚𝑎𝑥(1+𝛼𝑝𝑚)− 𝑉𝑓 𝑚𝑎𝑥𝜌𝑚(1+𝛼𝑝𝑓)+𝜌𝑚
         (1)
In this study, it is assumed that there is no matrix correlated porosity in the composites, and therefore 
αpm is set to 0. The fibre correlated porosity factor (αpf) is determined by using Eq.2, where the porosity 
(Vp) is assumed to be a linear function of the fibre volume content (Vf) [11]. 
𝑉𝑝 = 𝛼𝑝𝑓 × 𝑉𝑓  (2)  
 The volumetric composition in the composites in region A and region B are shown in Eqs.3 – 8. 
Region A (Wf ≤ Wf trans) 
𝑉𝑓 =
𝑊𝑓𝜌𝑚
𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚)
(3)      
𝑉𝑚 =
(1−𝑊𝑓)𝜌𝑓
𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚)
(4)      
𝑉𝑝 = 1 − 𝑉𝑓 − 𝑉𝑚 =
𝑊𝑓𝜌𝑚𝛼𝑝𝑓 + (1−𝑊𝑓)𝜌𝑓𝛼𝑝𝑚
𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚)
 (5)        
Region B (Wf ≥ Wf trans) 
𝑉𝑓 = 𝑉𝑓 𝑚𝑎𝑥       (6)
𝑉𝑚 = 𝑉𝑓 𝑚𝑎𝑥
(1−𝑊𝑓)𝜌𝑓
𝑊𝑓𝜌𝑚
 (7)     
𝑉𝑝 = 1 − 𝑉𝑓 − 𝑉𝑚 = 1 − 𝑉𝑓 𝑚𝑎𝑥 (1 +
(1−𝑊𝑓)𝜌𝑓
𝑊𝑓𝜌𝑚
)     (8)   
2.2.  Composite density 
Equations for composite density, Eqs.10 – 11, can be derived from Eq. 9 by using the expression for 
volumetric composition in composites. 
𝜌𝑐 =
𝑚𝑐
𝑉𝑐
=
𝑚𝑓/𝑊𝑓
𝑚𝑓/(𝜌𝑓𝑉𝑓)
=
𝜌𝑓𝑉𝑓
𝑊𝑓
    (9)     
Region A (Wf ≤ Wf trans) 
𝜌𝑐 =
𝜌𝑚𝜌𝑓
𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚)
   (10)    
Region B (Wf ≥ Wf trans) 
𝜌𝑐 =
𝑉𝑓 𝑚𝑎𝑥
𝑊𝑓
𝜌𝑓  (11) 
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 In the modelling of composite density, the fibre weight content (Wf) is set as the independent 
variable, and composite density (ρc) is set as the dependent variable. The values of the other 
parameters are given in Tables 1 and 2. The experimental data of ρc vs. Wf is compared with the model 
predictions (Eqs. 10 − 11). 
2.3.  Mechanical properties 
A large number of modified rule of mixtures models for stiffness of composites have been proposed in 
the literature [14,15]. In one of these models, by including the effect of porosity [14], stiffness (Ec) and 
strength (σcu) of composites with a unidirectional fibre orientation and with continuous fibres can be 
expressed by Eq.12 and Eq.13, respectively.  
𝐸𝑐 = (𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚)(1 − 𝑉𝑝)
𝑛𝐸
 (12) 
𝜎𝑐𝑢 = (𝑉𝑓𝜎𝑓𝑢 + 𝑉𝑚𝜎𝑚
∗ )(1 − 𝑉𝑝)
𝑛𝜎
 (13)  
where E is the stiffness, V is the volume content, the subscripts c, m, f and p are composite, matrix, 
fibres and porosity, respectively. σcu is the composite strength, σfu is the fibre strength, and 𝜎𝑚
∗  is the 
stress in the matrix at the failure strain of the composite, and nE and nσ are the porosity efficiency 
exponents (PEE) for stiffness and strength, respectively. When PEE = 0, it is assumed that the porosity 
in the composites has no effect on the mechanical properties of the composites beyond lowering the 
load bearing volume. When PEE > 0, it is assumed that the porosity in the composites has an effect on 
the mechanical properties of composites by introducing stress concentrations [14]. Values of PEE 
equal to 0 and 2 are used in the present study to show these two cases.  
By using the models for the composite volumetric composition, equations for the correlation 
between composite stiffness (Ec) and strength (σcu) and the fibre weight fraction (Wf) can be 
established. 
Region A (Wf ≤ Wf trans) 
𝐸𝑐 =
(𝑊𝑓𝜌𝑚𝐸𝑓+(1−𝑊𝑓)𝜌𝑓𝐸𝑚)(𝑊𝑓𝜌𝑚+(1−𝑊𝑓)𝜌𝑓)
𝑛𝐸
(𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚))
𝑛𝐸+1
       (14)
𝜎𝑐𝑢 =
(𝑊𝑓𝜌𝑚𝜎𝑓𝑢+(1−𝑊𝑓)𝜌𝑓𝜎𝑚
∗ )(𝑊𝑓𝜌𝑚+(1−𝑊𝑓)𝜌𝑓)
𝑛𝜎
(𝑊𝑓𝜌𝑚(1+𝛼𝑝𝑓)+(1−𝑊𝑓)𝜌𝑓(1+𝛼𝑝𝑚))
𝑛𝜎+1    (15)    
Region B (Wf ≥ Wf trans) 
𝐸𝑐 =
(𝑊𝑓𝜌𝑚𝑉𝑓 𝑚𝑎𝑥𝐸𝑓+(1−𝑊𝑓)𝜌𝑓𝑉𝑓 𝑚𝑎𝑥𝐸𝑚)(𝑊𝑓𝜌𝑚𝑉𝑓 𝑚𝑎𝑥+(1−𝑊𝑓)𝜌𝑓𝑉𝑓 𝑚𝑎𝑥)
𝑛𝐸
(𝑊𝑓𝜌𝑚)
𝑛𝐸+1
 (16)        
𝜎𝑐𝑢 =
(𝑊𝑓𝜌𝑚𝑉𝑓 𝑚𝑎𝑥𝜎𝑓𝑢+(1−𝑊𝑓)𝜌𝑓𝑉𝑓 𝑚𝑎𝑥𝜎𝑚
∗ )(𝑊𝑓𝜌𝑚𝑉𝑓 𝑚𝑎𝑥+(1−𝑊𝑓)𝜌𝑓𝑉𝑓 𝑚𝑎𝑥)
𝑛𝜎
(𝑊𝑓𝜌𝑚)
𝑛𝜎+1           (17) 
In the modelling of composite mechanical properties, the fibre weight content (Wf) is set as the 
independent variable, and composite stiffness (Ec) and strength (σcu) are set as the dependent variables. 
The effective fibre stiffness (Ef) and effective fibre strength (σfu) are set as derived parameters. The 
values of the remaining parameters are given in Tables 1 and 2. The models are fitted to the 
experimental data of Ec vs. Wf and σcu vs. Wf by using non-linear regression. The goodness of fitting is 
evaluated by adjusted R-squared values, which has been adjusted for the number of predictors in the 
model from R-squared values.     
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 3. Materials and methods
3.1.  Plant material 
Hemp (Cannabis sativa L.), variety USO-31, was sown in France (N 48.8526°, E 3.0190°(WGS84)) 
as described in detail in Liu et al. [5]. The whole hemp stem under the inflorescence base was used as 
the starting material in the present study. Hemp stem pieces with a length of approx. 15 cm were 
randomly collected from the stems. The hemp stems were hydrothermally pre-treated at 121 °C for 30 
min in an autoclave. Hemp fibre strips were manually peeled off from the pre-treated stems, and then 
they were enzymatically treated by using pectinases as described in detail by Liu et al. [9]. After 
enzymatic treatment, the fibre strips were dried at 50 °C for 12 h. For comparison, field retting of the 
hemp stems was carried out for 20 days after harvest [4].  
3.2.  Manufacturing of composites 
The treated bast fibre strips were manually untangled and aligned to allow the fibres to be processed 
into unidirectional composites. Bundles of fibre strips were firstly cut to a length of 140 mm, and the 
fibre strips were then justified to a bunch of fibre strips with masses in the range 0.6 – 2.3 g. Bunches 
of fibre strips were then put in the mould chambers. Afterwards, a press beam was placed on the top of 
the fibre strips in each chamber, and two insert beams were used to fix the height of the mould 
chambers to 2 mm. An epoxy resin (Araldite® LY 1568) and its amine hardener (Aradur® 3489) were 
mixed at a 100/28 mass ratio, and degassed in a vacuum oven. The setup for the vacuum infusion and 
moulding process is described in detail in the study by Liu et al. [9]. After curing for 12 h at 80 °C, the 
composite tensile specimens with dimensions of 140 × 10 × 2 mm were demoulded. Tabs with lengths 
of 50 mm were mounted on the composite specimens using epoxy resin (DP 460). 
3.3.  Volumetric composition 
Composites with fibre weight contents (Wf) in the range 0 – 0.70 were obtained by varying the amount 
of fibres (mf) in the mould chambers during manufacturing of composites. The fibre volume content 
(Vf) was determined by Eq.18. 
𝑉𝑓 =
𝑚𝑓/𝜌𝑓
𝑚𝑐/𝜌𝑐
=
𝑚𝑓
𝑚𝑐
×
𝜌𝑐
𝜌𝑓
 (18) 
where mc, ρf and ρc are composite mass, fibre density and composite density, respectively. When Wf 
was below 0.30, the composite specimens made by using the above mentioned moulding process were 
found to have irregular surfaces, and their thickness could not be measured accurately. For those cases, 
ρc was determined by the buoyancy method (Archimedes principle) using water as the displacement 
medium. When Wf was above 0.30, the composites specimens had flat surfaces, and their density (ρc) 
could be accurately calculated based on their dimensions (length, width and thickness). 
The matrix volume content (Vm) was determined using Eq.19. 
𝑉𝑚 =
𝑚𝑚/𝜌𝑚
𝑚𝑐/𝜌𝑐
=
𝑚𝑚
𝑚𝑐
×
𝜌𝑐
𝜌𝑚
        (19) 
where mm is matrix mass. The porosity (Vp) was then determined using Eq.20. 
𝑉𝑝 = 1 − 𝑉𝑓 − 𝑉𝑚  (20) 
3.4.  Tensile properties of composites 
For tensile testing of the composite specimens, an Instron Testing Machine 5566 with a load cell of 10 
kN was used. Two extensometers were used for strain measurements, and a displacement rate of 1 
mm/min (corresponding to a strain rate of 2.5 %/min) was used. Based on the measured stress-strain 
curves, stiffness (linear regression in the strain interval 0.05 – 0.25%), strength and failure strain was 
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 determined. For each type of composite with the differently treated hemp fibres, at least 10 specimens 
with varied fibre content were tested.  
4. Results and discussion
4.1.  Composite volumetric composition 
The fibre correlated porosity factor (αpf) of the composites manufactured with the differently treated 
fibres is determined in Figure1a based on the experimental values of Vp and Vf using Eq.2. The values 
of αpf for the different fibre treatments are shown in Table 2. As shown, composites with field retted 
and untreated fibres have the highest porosity factor of about 0.16. In contrast, composites with the 
enzymatically treated fibres have a much lower porosity factor of 0.12, followed by the lowest 
porosity factor of 0.08 for composites with the hydrothermally pre-treated and enzymatically treated 
fibres.  
The variation of the composite porosity factor with the different fibre treatments can be explained 
by the changes of the fibre microstructure. When the hemp fibre strips are subjected to pectinases, 
pectin in the epidermis, in the parenchyma cells, and in the middle lamella regions between fibre cells 
are partly hydrolysed by enzyme catalysed reactions. This degradation of pectin loosen the bonding 
between epidermis and cortex, between fibres and parenchyma cells, and between fibres, and 
consequently, the epidermis and parenchyma cells are partly removed from the hemp fibre strips. With 
the partly removal of epidermis and parenchyma cells, which consist of a large amount of voids, the 
fibre bundles are split into smaller fibre bundles [9]. All these changes to the fibre microstructure 
collectively contribute to the decrease of αpf after the enzymatic treatment.    
 The transition fibre weight content (Wf trans) for each type of fibre treatment was calculated by 
using Eq.1 with the obtained fibre correlated porosity factors. The values of Wf trans are shown in Table 
2. It is found that the transition value decreases from 0.77 for composites with field retted and
untreated fibres, to 0.75 for composites with enzymatically treated fibres, and finally to 0.74 for 
composites with hydrothermally pre-treated and enzymatically treated fibres. According to Eq.1, it is 
evident that the decrease of Wf trans with fibre processing is directly governed by the decrease of the 
fibre correlated porosity factor. 
Experimental data on the volumetric composition in the composites with the differently treated 
fibres, and the corresponding model lines are shown in Figure 1b. Besides the difference in the values 
of Wf trans, it is shown that composites with hydrothermally pre-treated and enzymatically treated fibres 
have higher fibre volume content (Vf) and matrix volume content (Vm), and lower porosity than the 
composites with field retted and untreated fibres at any given fibre weight content below Wf trans. 
According to Eqs.3 – 5, the difference in αpf explains the difference in volumetric composition 
between the composites. Altogether, the results in Figure 1b reveal that the full volumetric 
composition in composites with a given type of fibre treatment can be predicted by using the model, 
and by using a given fibre weight content that is used for the manufacturing of the composites as 
input. 
Table 2.  Fibre correlated porosity factor (αpf) and transition fibre weight content (Wf trans) of 
composites with differently treated hemp fibres. 
Fibre sample 
Fibre correlated  
porosity factor (αpf) 
Transition fibre  
weight content (Wf trans) 
Field retted 0.162 0.772 
Untreated 0.157 0.770 
Enzymatically treated 0.119 0.753 
Hydrothermally pre-treated + enzymatically treated 0.084 0.738 
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 Figure 1. Composite porosity vs. fibre volume content (a), and composite volumetric composition (Vf, 
Vm and Vp) vs. fibre weight content (b). 
4.2.  Composite density 
Figure 2 shows that the composites with the untreated and field retted fibres have the lowest density, 
which is a result of the highest porosity content and lowest fibre volume content in these composites 
(see Figure 1). In contrast, the composites with the enzymatically treated fibres, particularly the 
hydrothermally pre-treated and enzymatically treated fibres, exhibit clearly higher density due to their 
lower porosity contents and higher fibre volume contents. The model predictions of composite density 
in Figure 2 show that the predicted composite density is in good agreement with the experimental data. 
Therefore, the density of composites with a given type of fibre treatment can also be well predicted as 
a function of the fibre weight content. 
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 Figure 2. Composite density vs. fibre weight content. 
4.3.  Composite mechanical properties 
In Figures 3 and 4, showing composite stiffness and strength as a function of the fibre weight content, 
the starting points of the model lines at Wf = 0 are equal to the measured epoxy matrix stiffness (Em) 
of 2.7 GPa, and the epoxy matrix stress of 27 MPa at the average composite failure strain of 1.0%. 
Generally, the model lines are in good agreement with the experimental data. 
The model lines in Figures 3 and 4 are established by setting the porosity efficiency exponent (n) 
equal to 0 and 2. For n = 0, it is assumed that all the porosity is located inside the fibres, in the so-
called lumen, and this is assumed to have no effect on the mechanical properties of the composites. 
For n = 2, it is assumed that all the porosity is located outside the fibres, e.g. at the fibre/matrix 
interface or in the fibre bundles to produce un-impregnated fibres. This is assumed to lead to stress 
concentrations, which is modelled by setting n equal to 2 [14,15]. When n = 0, as shown in Figures 3a 
and 4a, composite stiffness and strength are increased non-linearly with Wf with a upward curvature 
until Wf trans, and thereafter, stiffness and strength are only slightly reduced. When n = 2, as shown in 
Figures 3b and 4b, composite stiffness and strength are increased non-linearly with Wf with a 
downward curvature until Wf trans, and thereafter, stiffness and strength are reduced radically. The 
downward curvature of the model lines is most obvious for the composites with the highest porosity 
content, such as the composites with the field retted and untreated fibres.  
When comparing the model lines in Figures 3 and 4 for composites with the differently treated 
fibres, it is evident that the composites with hydrothermally pre-treated and enzymatically treated 
fibres have the highest stiffness and strength, followed by the composites with enzymatically treated 
and untreated fibres, while the composites with field retted fibres have the lowest stiffness and 
strength.   
The fitted values of the effective fibre stiffness (Ef) and fibre strength (σfu) established by the model 
lines in Figures 3 and 4 are shown in Table 3. Field retted samples are found to have the lowest 
effective fibre stiffness of 52 and 61 GPa, and the lowest effective fibre strength of 474 and 558 MPa, 
when the porosity efficiency exponent is set equal to 0 and 2, respectively. There is a tendency that the 
effective fibre stiffness and strength increase from untreated fibres, to enzymatically treated fibres, and 
finally to hydrothermally pre-treated and enzymatically treated fibres, irrespective of the porosity 
efficiency exponent values. The hydrothermally pre-treated and enzymatically treated fibres have the 
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 highest effective stiffness of 74 GPa and 83 GPa, and the highest effective strength of 625 MPa and 
667 MPa, when porosity efficiency exponent is set equal to 0 and 2, respectively.  
Figure 3. Composite stiffness vs. fibre weight content. Model lines are made using a porosity 
efficiency exponent of (a) 0 and (b) 2. Values of adjusted R-squared of fitting are shown next to the 
model lines. 
Table 3. Established values of effective fibre stiffness (Ef) and fibre strength (σfu) in composites with 
differently treated hemp fibres. The porosity efficiency exponents (nE and nσ) are set to be either 0 or 2. 
Fibre sample 
Ef (GPa) σfu (MPa) 
nE=0 nE=2 nσ=0 nσ=2 
Field retted 52 61 474 558 
Untreated 65 75 569 655 
Enzymatically treated 68 75 587 644 
Hydrothermally pre-treated + enzymatically treated 74 83 625 667 
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 Figure 4. Composite strength vs. fibre weight content. Model lines are made using a porosity 
efficiency exponent of (a) 0 and (b) 2. Values of adjusted R-squared of fitting are shown next to the 
model lines. 
5. Conclusions
Models for the volumetric composition, density and mechanical properties (i.e. stiffness and strength) 
of composites with differently treated hemp fibres were applied for evaluating the effect of enzymatic 
fibre treatments on fibre performance in composites. It is shown that the applied models are in good 
agreement with the experimental data. The established effective fibre stiffness and strength are used to 
quantify the effect of the enzymatic fibre treatments on the performance of the fibres in the 
composites. Altogether, the applied models are shown to be useful tools for the prediction of 
properties of composites with differently treated hemp fibres.  
Acknowledgements 
The authors are grateful to the Danish Council for Independent Research supporting the CelFiMat 
project (No. 0602-02409B: “High quality cellulosic fibres for strong biocomposite materials”). The 
financial support of China Scholarship Council (CSC, no. 201304910245) for Ming Liu’s Ph.D. 
project is acknowledged. Jonas Kreutzfeldt Heininge and Jan Sjølin from Technical University of 
Denmark are acknowledged for technical support. 
37th Risø International Symposium on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 139 (2016) 012031 doi:10.1088/1757-899X/139/1/012031
206
 References 
[1] Faruk O, Bledzki A K, Fink H P and Sain M 2012 Prog. Polym. Sci. 37 1552 
[2] Joshi S V, Drzal L T, Mohanty A K and Arora S 2004 Compos. Part A Appl. Sci. Manuf. 35 371 
[3] Arshad M, Kaur M and Ullah A 2016 ACS Sustain. Chem. Eng. 4 1785 
[4] Liu M, Fernando D, Meyer A S, Madsen B, Daniel G and Thygesen A 2015 Ind. Crops Prod. 
76 880 
[5] Liu M, Fernando D, Daniel G, Madsen B, Meyer A S, Ale M and Thygesen A 2015 Ind. Crops 
Prod. 69 29 
[6] Di Candilo M, Bonatti P M, Guidetti C, Focher B, Grippo C, Tamburini E and Mastromei G 
2010 J. Appl. Microbiol. 108 194 
[7] Li Y and Pickering K L 2008 Compos. Sci. Technol. 68 3293 
[8] Dreyer J, Müssig J, Koschke N, Ibenthal W D and Harig H 2002 J. Ind. Hemp 7 43 
[9] Liu M, Silva D A S, Fernando D, Meyer A S, Madsen B, Daniel G and Thygesen A 2016 
Compos. Part A Appl. Sci. Manuf. doi: http://dx.doi.org/10.1016/ j.compositesa.2016.06.003 
[10] Shibata S, Bozlur R M, Fukumoto I and Kanda Y 2010 BioResources 5 2097  
[11] Madsen B, Thygesen A and Lilholt H 2007 Compos. Sci. Technol. 67 1584  
[12] Shang L, Jiang Z, Liu X, Tian G, Ma J, Yang S 2016 Bioresources 11 2071 
[13] Akin D E, Gamble G R, Morrison W H, Rigsby L L, Dodd R B 1996 J. Sci. Food Agric. 72 155 
[14] Madsen B, Thygesen A and Lilholt H 2009 Compos. Sci. Technol. 69 1057  
[15] Madsen B and Lilholt H 2003 Compos. Sci. Technol. 63 1265 
37th Risø International Symposium on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 139 (2016) 012031 doi:10.1088/1757-899X/139/1/012031
207
208
